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ARTICLE INFO ABSTRACT
Keywords: Many existing steel bridges are approaching, or they have already exceeded their design fatigue
Extended fatigue life life. Assessing and repairing these structures presents a challenge for the construction industry. In

Steel structures
TIG dressing
Pre-fatigued

this paper, previous studies, which emphasised treating existing (pre-fatigued) structures by TIG
dressing, are reviewed and analysed. In total, 109 fatigue test results have been studied which
employ various steel qualities, welded details (longitudinal, transverse, and cover plate) and plate
thicknesses. A plot and investigation of the S-N curves were carried out. In addition, a sensitivity
analysis of the treated crack depth and the TIG dressing penetration depth was used to establish
the extended fatigue life. The performance of TIG dressing in treating existing structures was
examined by simulating a gain factor. It was found that the extension in fatigue life reached 3.4
times the as-welded fatigue life. This was particularly in cases in which TIG dressing completely
removed the initial cracks or missed cracks less than 1 mm deep. Based on the findings, rec-
ommendations on treating existing welded steel structures by TIG dressing have been made.

1. Introduction

Many existing structures are ageing. A high percentage of these structures are approaching or have exceeded their design fatigue
life. For example, the total number of collapsed bridges between 1970 and 1990 was 10. According to [1], this number further
increased to 20 collapsed bridges between 1990 and 2010. In [2], Imam et al. collected and reviewed literature studies of metallic
bridges to investigate bridge failure (the number of collapsed bridges over the years, the causes, the risks, etc.). In their study, the
authors distinguished between bridges that have collapsed and those that have lost serviceability (not yet collapsed). They claimed that
for bridges that have lost serviceability, fatigue failure was found to be the most predominant cause (See Fig. 1). Fig. 2 presents the
statistics of fatigue failure causes. It is clear that welding was responsible for losing the serviceability of metallic bridges. Therefore,
thorough and precise control of the post-weld treatment method used to extend the fatigue life of existing welded steel structures is
essential. Manai [3] developed a detailed framework for assessing and repairing existing welded steel structures. In this framework, it
was found that the treated crack size (that is introduced in the pre-fatigue phase) and the TIG penetration depth are the most dominant
parameters that affect the extended fatigue life. Aeran et al. [4] developed a clear methodology to extend the life of the treated offshore
structures. In their study, they took both corrosion and fatigue into account during the assessment phase. However, they did not
provide any suitable treatment for repairing these structures (offshore). Chaminda et al. [5] provided different approaches for making
accurate predictions of ageing steel bridges’ remaining fatigue life.

Welding is a joining process introduced for the purpose to replace bolting and riveting. Weld is associated with intensive heating
and cooling, leading to weld effects at the weld toe which are namely residual stress, micro-defects, high-stress concentration and local
change in the material [6]. These effects are detrimental to the fatigue life. Radaj [7] showed that the residual stress and the
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geometrical change at the weld toe are the most critical parameters. In order to reduce the negative impact of these effects on fatigue
life, many studies focused on studying post-welding treatment on new as-welded structures. The most successful and used post-weld
treatment methods are peening, grinding, and TIG dressing.

Peening the weld toe region of steel weldments means that this area is bombarded by hard small, high-velocity shots leading to the
expansion of a thin layer at the surface and smoothing the weld toe radius (resulting reduction of the stress concentration) [8,9,10].
Being constrained by the core such inhomogeneous plastic deformation creates compressive residual stresses in the surface zone.
Depending on the material and microstructure, the plastic deformation may alter the work hardening state of the surface zone and
increase its flow stress [11,12,13]. All compressive residual stresses, surface work hardening, and radius smoothing can have a positive
influence on fatigue life. It has been shown that peening can postpone crack initiation [14] and decrease the crack propagation rate
[15].

Grinding refers to material removal by individual grains whose cutting edge is bounded by force and path. Weld toe grinding is a
well-established technique for improving the fatigue strength of welded joints [16,17,18]. The main aims of the operation are to reduce
the local stress concentration and to remove crack-like flaws at the weld toe. To obtain significant improvement in fatigue life, it is
recommended to grind to at least 0.5 mm below any visible undercut to ensure that the intrusions and crack-like flaws are removed
[19]. Such treatment justifies an increase in fatigue design endurance of at least 2.2 times according to [20]. Since all flaws are ex-
pected to have been removed after grinding, the proportion of the fatigue endurance spent initiating a crack is expected to be
significant.

TIG dressing is an arc welding process in which the heat is produced between a non-consumable electrode and the work metal. The
heat of the arc produced melts the base metal. TIG dressing removes the weld toe defects by re-melting the material at the weld toe,
reduce the local stress concentration by increasing the weld toe radius providing a smooth transition between the plate and the weld
face [21,22,23], and reduce the magnitude of residual stress [24,25,26,38,39,40]. It was found in [27] that TIG dressing could
introduce in some cases compressive residual stress. These effects increase the fatigue life. This increase in fatigue life is primarily the
result of extending the crack initiation life and leads to an increase in the fatigue design endurance of 3.4 times according to [28].

These studies emphasize studying post-weld treatment applied to new welded details. However, many existing welded structures
have accumulated damage and showed cracks. Replacing all these structures at the same time represents a challenge for the con-
struction industry. Therefore, the treatment of these structures represents an attractive solution. Thus, there is a need to study the
application of post-weld treatments and their effects on existing welded structures. TIG dressing is one of the most widely utilised post-
weld treatments used by the industry. TIG dressing produces more effective benefits than grinding [20]. However, the efficiency of this
treatment is lower than the efficiency of peening [8,9]. TIG dressing is presented using three parameters: geometry (radius at the weld
toe), residual stress [26], and depth of treatment penetration [25,27]. Throughout the literature merely only four studies have focused
on studying the efficiency of TIG dressing on treating existing weld steel structures.

Ramalho et al. [29] investigated the effect of TIG dressing on cracked T-joint details and showed that TIG dressing extends the
fatigue life by a factor of 2.5 when the crack is completely removed. The authors concluded that no significant improvement in fatigue
life occurs when TIG does not completely remove the crack. In Fisher et al. [30], three improvement techniques were studied
experimentally and observed to be effective to varying degrees in extending the fatigue life of welded details. Grinding was not as
effective as peening and TIG dressing. Peening was observed to produce good results with both uncracked as-welded details and pre-
fatigued specimens containing cracks less than 3 mm deep. A TIG treatment of the cover plate with a crack depth that varied between
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Fig.1. Failure cause for metallic bridges losing their serviceability.[2]



A. Manai Engineering Failure Analysis 121 (2021) 105150

1.5 mm and 7 mm (at the weld toe) was investigated. These authors concluded that TIG dressing completely removes the cracks from
the weld toe but causes a failure in the root in some cases. Thus, the other conclusion that TIG dressing was the most effective method
examined in the laboratory and was also effective in repairing pre-fatigue details with surface cracks less than 5 mm deep. Miki et al.
[31] investigated pre-fatigued longitudinal and transversal attachments and showed that the efficiency of TIG dressing is dependent on
two factors: the depth of the crack to be treated and the depth of TIG penetration. In [29,30] and [31] the authors present extensive test
results of repairing pre-fatigued steel structures by TIG dressing. A summary of these studies was performed by Manai in [32]. Al-
karawi et al. [33] investigated a cracked transversal attachment manufactured with steel S355. They showed that TIG dressing in-
duces two major effects which are namely compressive residual stress at the weld toe and succeed to completely remove 1 mm deep
cracks. Both effects resulted in an extension in the fatigue life more than 3.4 times the as-welded fatigue life.

In the recommendations from the International Institute of Welding (IIW), the improvement of as-welded steel structures using TIG
dressing was presented. IIW reported an increase in fatigue life by a factor of 3.4 without any betterment in the slope of the S-N curve
[28]. However, [28] are limited to newly as-welded structures and lack indications of its applicability to pre-fatigued as-welded
structures.

In [29,30,31] and [33] the authors have tested a large test of series of different weld details, different steel qualities, and different
load levels, but a deep conclusion and a sensitivity analysis of the different parameters that affect the TIG dressing efficiency was not
established. For that reason, in this study, an individual screen, analysis and discussion of each of the collected test series was per-
formed. A sensitivity analysis of the depth of treated crack and the TIG penetration depth on the fatigue life extension was established.
In bridge design [34,35] the engineer uses Eurocode and IIW. For this reason, a recommendation of the extension in the fatigue life of
welded steel structures based on the used engineering codes is very essential. Based on all the tested together a recommendation on
treating pre-fatigued steel structures by TIG dressing using engineering codes was established.

2. Analysis of the collected data

Many researchers studied in the deep post-weld treatment of new as-welded details. Whereas, there are existing structures that need
treatment in order to not consider them as structures lost their serviceability and extend their fatigue life. Some researchers addressed
this problem by studying the effects of different TIG dressing on the extension on the fatigue life. Table 1 summarizes the information
about these studies. A deep screen of all the test series was investigated in the following sections.

In Table 1, UT is ultrasonic, SG is strain gauges, R is the stress ratio

2.1. Analysis and discussion of Miki et al.

Miki et al. [31] investigated the effect of TIG dressing on repairing pre-fatigued fillet-welded joints, which were transversal and
longitudinal attachments. Fig. 3 and Fig. 4 present the dimensions and configuration of the specimens. The material for the main plates
was steel SM58, and the material for the attachment plates was steel SM50. Table 2 lists the mechanical properties of these materials.
Fatigue tests were performed by four-points bending (refer to Fig. 3 and Fig. 4).

In total 40 as-welded specimens (20 longitudinal attachments and 20 transversal attachments) were pre-fatigued as follows. The
transversal attachments were loaded with stress range 280 MPa up to 450 000 cycles to produce fatigue cracks. Meanwhile, the
longitudinal attachments were loaded also with stress range 280 MPa, but with a number of cycles from 300,000 to 350,000 cycles.
After this loading stage, for both test series, non-destructive tests (dye penetrant and ultrasonic tests) were used to detect the
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Fig. 2. Reasons for bridges’ fatigue cracks that have lost their serviceability (not yet collapsed). [2]
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Table 1

Collected pre-fatigue tests treated by TIG dressing.
Reference R crack measured before testament Plate thickness Crack detection method Weld detail FAT Loading
[29] 0.05 Yes 12.5 SG Transversal 100 Pending
[30] 0.15 Yes 14 UT Cover plate 50 Tension
[30] 0.15 Yes 14 uT Cover plate 50 Tension
[30] 0.15 Yes 14 uT Cover plate 50 Tension
[31] 0.1 Yes 15 Dye penetrant and UT Transversal 100 Pending
[31] 0.1 yes 15 Dye penetrant and UT Longitudinal 71 Pending
[33] 0.3 yes 16 UT and SG Transversal attachment 100 Tension

70 70 70

15

240

Fig. 3. Dimensions of the transversal attachment in mm.

Fig. 4. Dimensions of the longitudinal attachment in mm.

Table 2
Mechanical properties of SM58 and SM50.

Mechanical proprieties

Material Yield strength [MPa] Tensile strength [MPa]

SM58 590 680
SM50 410 560

dimensions and shapes of any probably induced cracks. Two cases were found. The first case is that in some pre-fatigued specimens no
cracks were detected. The second case is that cracks with depths from 2 to 6 mm were detected at the weld toe for other specimens. The
pre-fatigued welded joints were repaired by TIG dressing. The average value of the weld toe radius after TIG treatment was measured
to be 5 mm. The fusion depth of TIG ranged from 3 to 4 mm. It was found that in some specimens, TIG succeeds to completely re-melted
(removed) the initial cracks and in other specimens, there are remaining subsurface cracks.

Fig 0.5 and Fig. 6 show the experimental data points and their corresponding mean curves of new as-welded specimens and pre-
fatigued treated specimens where cracks were completely re-melted for transversal attachment and longitudinal attachment,
respectively. The test results are fitted using Eq.1.

Ao = CN" (€D)]
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Where C and m are constant parameters. The as-welded characteristic S-N curve, the as-welded mean S-N curve and the charac-
teristic TIG dressing S-N curve for the transversal and longitudinal attachment are represented by Fig. 5 and Fig. 6, respectively [26].

An S-N curve was derived from the experimental new as-welded tests using IIW recommendation, by multiplying the fatigue life of
the experimental new as-welded life by a factor of 3.4. The newly derived S-N curve is plotted for both the longitudinal and transversal
attachments and is considered as a new as-welded TIG dressed S-N curve.

Analyzing and drawing inference from Fig. 5 and Fig. 6 the following conclusions could be extracted:

(1) In the case where TIG dressing completely removed the initial cracks:

- Regardless of the weld details, the experimental extended fatigue lives are higher than those of the as-welded (experimentally
and from the design curve, I[IW).

- Regardless of the weld details, the improvement in the fatigue life of pre-fatigued TIG dressed specimens are higher than those
of new as-welded TIG dressed (i.e. higher than 3.4 times the as-welded fatigue life). The improvement in fatigue life is found to
be 7.5 times the as-welded fatigue life for longitudinal attachment. While the improvement in fatigue life is at least 4.5 times the
improvement in the as-welded fatigue life for transversal attachment.

- For longitudinal attachment, the experimental as-welded S-N curve and the experimental TIG dressed S-N curve has the same
slope. Meanwhile, for transversal attachment, there is an increase in the slope of TIG dressed S-N curve compared to the slope of
the as-welded S-N.

(2) In the case where TIG dressing does not completely remove the initial cracks:

- Regardless of the welded details, when the remaining cracks are deeper than 1.3 mm, the extended fatigue life is lower than the as-
welded fatigue life.

- Regardless of the welded details, when the structure contains remaining subsurface cracks, the extended fatigue life is found to be
lower than the as-welded fatigue life.

The highest improvement in fatigue life is detected in the case where TIG succeeded in completely removing the cracks. Therefore,
the extended fatigue life is found to be above the new as-welded TIG dressed one. Thus, the extended fatigue life includes the crack
initiation period of the treated structure. In addition, it was found that in this case (in the case where TIG completely demolishes the
initial crack) the extended fatigue life is independent of the initial crack size. For example, in Fig. 7, for the stress range of 274 MPa, the
extended fatigue life for cracks between 0.75 mm and 3.75 mm is a scatter of points between 3 million and 4.8 million cycles. While in
the case where there are subsurface remaining cracks, the extended fatigue life is strongly dependent on the remaining crack size. Fig. 8
shows the extended fatigue life as a function of the reaming subsurface crack for transversal and longitudinal attachment. The extended
fatigue life decreases when the remaining crack increase and that include the crack propagation phase. Note that all specimens failed at
the welded toe, which concludes that the fatigue life is strongly influenced by the state of the weld toe after treatment.

u | 7.5 times the as-welded fatigue life

400

The remaining crack between 2 and 3.75 mm |

\4 X >~

| The remaining crack 1.3mm | i I

.\.
~ ~
\ -
~

Stress range [MPa]

~
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B Extended fatigue life, No remaining cracks after treatment ~ \
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Fig. 5. S-N curve of longitudinal attachment.
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Fig. 7. Crack length before treatment as a function of the extended fatigue life.

2.2. Analysis and discussion of Ramalho et al.

Ramalho et al. [29], studied pre-fatigued specimens treated by TIG dressing. The tested specimens consist of transversal attachment
manufactured with medium-strength steel St-3DIN 17,100 with a yield strength of 384 MPa and ultimate stress of 555 MPa. Fig. 9
shows the geometry and dimensions of the specimens.

To obtain the pre-fatigue state, the as-welded specimens are submitted to bending loading (refer to Fig. 9) with a stress ratio R =
0 until register an increase of 10% in the initial deformation at the weld toe. It was found that this increase in the deformation cor-
responds to 99% of the characteristic as-welded fatigue life. Also, the recorded increase in deformation is caused by the initiation and
propagation of fatigue cracks with a maximum depth of 3 mm. All pre-fatigued specimens contained cracks. After the specimens were
treated by TIG dressing using the parameters in Table 3, two cases were obtained. In the first case, TIG treatment completely removed
the crack; in the second case, subsurface cracks remain in the structure.

A statistical analysis of the radius at the weld toe, after TIG dressing, shows an average value of 6.25 mm with a standard deviation
of 1.99. The average value of the radius is used to compute the stress concentration factor. This factor showed a decrease from 1.76 (in
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Fig. 8. Extended fatigue life and experimental gain factor as a function of the remaining cracks.

e

12,5

57.5

125

249

270

Fig. 9. Geometry of the tested specimen.

Table 3
TIG dressing parameters.

TIG dressing parameters

Argon flux

Current intensity —110 A
Tension DC —19 V
Linear rate —1.08 mm/s

the as-welded state) to 1.4 (after TIG dressing treatment) due to radius smoothing. [29] established that the fatigue strength at the weld
toe is strongly affected by the induced TIG residual stress. In these tests, two different techniques were used to measure residual stress
at the weld toe which is X-ray diffraction and the hole drilling method. The conducted measurements for a randomly selected specimen
showed that TIG dressing introduced a —80 MPa (compressive) residual stress at the weld toe. The depth of arg is used to determine
whether the treatment completely removes the crack when ap < arjg or whether a subsurface crack remains when ap > arg. A
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statistical analysis of ajg showed an average value of 3.5 mm. In these tests, for most of the treated specimens, cracks remain after
treatment, which caused a lower extended fatigue life (less than 1E6 cycles).

Within this study, all tested specimens showed subsurface with remaining cracks post-treated. This observation can be used to draw
the following preliminary conclusions (See Fig. 10):

(1) The pre-fatigue specimens with up to 99% of the characteristic as-welded life showed cracks deeper than 3 mm.

(2) The extended fatigue life of specimens, pre-fatigued up to 99% of their as-welded characteristic life, is lower than the as-welded
fatigue life. It is 0.77 as-welded fatigue life.

(3) The TIG dressing treatment is not effective for treating deep cracks, namely, cracks deeper than the fusion depth (aryg).

2.3. Analysis and discussion of Fisher et al.

Fisher et al. [30] studied steel cover-plated specimens in either as-welded or pre-fatigued condition, to determine the fatigue
strength of these details when treated by techniques intended to extend their fatigue life. In this study, an emphasis on TIG dressing
treatment was performed. The mechanical proprieties of the used material to manufacture these specimens are listed in Table 4.

A series of preliminary tests were conducted to find the effect of welding variables TIG penetration depth. The results of this study
indicate that maximum penetration is obtained by the use of helium shielding gas and a cathode vertex angle between 30 and 60
degrees. These parameters, which are listed in table 5, were used in the performed tests. The TIG penetration depth was 4.3 mm.

Where CVA is a cathode vertex angle.

In total 50 tests were performed which are divided into three-test series. The first test series consist of as-welded specimens treated
prior to any fatigue testing. The second test series consist of as-welded specimens that were first pre-loaded up to 75% of the lower
confidence limit of as-welded-untreated detail. Then, these specimens were TIG treated. The third test series consist of as-welded test
pre-loaded until introducing visible cracks then TIG treated. For the second and the third test series, cracks as large as 19 mm length
and between 1.3 mm and 5 mm deep were observed prior to TIG treat. After TIG treat the initial cracks of the pre-fatigued specimens’,
in a few cases, the cracks were not completely removed.

The results of all three-test series are summarized in Fig. 11. The same figure also shows the characteristic as-welded and TIG
dressed S-N of the corresponding detail. The test points plotted as ‘new as-welded the TIG treated’ present specimens treated prior to
applying cyclic loading. The test points identified as ‘pre-fatigued until 75% of the characteristic life’ were all pre-loaded to 75% of the
characteristic S-N curve of untreated details then TIG treated. Those points indicated as ‘’pre-fatigued until visible crack’’ present as-
welded specimens pre-loaded until the introduction of clearly visible cracks and then TIG treated.

Improvements in the condition at the weld toe could not affect the growth of cracks from the weld root. Most of the details treated
by TIG dressing had their life governed by failure from the weld root. The weld toe has been re-melted to smooth the radius transition
and remove the initial cracks.

Therefore, the stress concentration and the initial discontinuity conditions are reduced at the weld toe which forced root failure and

1000
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Fig.10. S-N of transversal attachment, extended fatigue life as a function stress range.



A. Manai Engineering Failure Analysis 121 (2021) 105150

Table 4
Mechanical proprieties of the used material (A36).
Steel Yield strength (MPa) Mean elongation (%) Mean redaction in the area (%)
A36 steel 275.6 30.3 50.4
Table 5
TIG dressing parameters.
CVA (degrees) Current (amps) Voltage (volts) Heat input (kilojoules/in.) Penetration (mm)
60 200 16 64 4.3
1000

k\*’E_P
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o
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weeeeees As-welded 50%,
10
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Extended Fatigue life [cycle]

Fig. 11. S-N curve of the cover plate, stress range as a function of the extended fatigue life.

resulted in greater life.

This study has shown that TIG dressing can be reliably used to either improve or upgrade (repair) the fatigue strength of welded
details that experience cracks growth from weld toes when applied to as-welded details or to details that have experienced cyclic
loading and have cracks less than 5 mm deep.

The fatigue strength can be expected to increase at least 3.4 times the as-welded fatigue life and it cannot exceed 5.8 times the as-
welded fatigue life. Higher improvements are not possible because crack growth from the weld root cannot be prevented. Therefore,
the application of TIG can effectively strengthen the detail and provide substantial increases in life. Cracks with depths that exceed the
penetration capability of TIG dressing cannot be repaired by this procedure.

500

dl

80

16 1

Fig. 12. Dimension and shape of the specimen in mm.
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2.4. Screening and analysis of Al Karawi et al.

Al Karawi et al. [33] studied prefatigued welded transversal attachment treated by TIG dressing. Fig. 12 shows the dimension and
shape of the specimen. The specimens were manufactured with carbon mild steel S355, and the filler material was made of core-weld
C6LF (metal-cored wire). The mechanical proprieties of the used materials as well as the weld parameters are listed in table 6 and table
7, respectively. In total, 21 test results were presented divided into two test series. The first test series composed of 18 as-welded
specimens. The second test series composed of pre-fatigued as-welded specimens then TIG treated. All tests are subjected to con-
stant amplitude axial fatigue tests with a stress ratio of 0.29. 3D laser geometry scanning was used to investigate the weld toe radius
and TIG penetration depth. The examined average radius at the weld toe was found to be 5.1 mm and the average TIG penetration
depth was 2.1 mm. A measurement of TIG residual stress distribution at the weld toe after TIG dressing was performed and showed that
TIG dressing in this case induced compressive residual stress at the weld toe. The benefit of TIG re-melting is mainly attributed to the
geometry improvement [23]. However, the treatment might also change the status of residual stresses at the weld toe. In their study
[23], the authors used the strain drop method as a crack detection methodology. It was found that a 25% drop in any of SGs reading
corresponds to a crack smaller than 1 mm. To obtain the second test series, the specimens were preloaded until registering a drop in the
strain up to 25%. Then TIG dressing was performed to treat these specimens and continuation of fatigue testing was followed.

3. Gain factor

Gain factor in fatigue life is needed to quantify the efficiency of TIG dressing in treating pre-fatigue welded details. According to ITW
[26] for a treated new as-welded specimen, the gain in fatigue life is defined as the ratio of the fatigue life of TIG treated specimens to
the corresponding as-welded fatigue life for a given stress range. Moreover, it has been noted in IIW that there is no improvement in the
slope of the S-N curve of the new as-welded TIG treated specimens (as-welded then directly TIG treated, i.e. no prefatigued phase
before TIG treatment) compared to the slope of the corresponding as-welded specimen. Therefore, the gain factor in the fatigue life is
independent of the stress range and it is constant to be 3.4. Fig. 13 shows a schematic presentation of the gain factor, where the blue
line is the as-welded S-N curve and the grey line is the new as-welded TIG treated S-N curve.

To study the efficiency of TIG dressing in treating pre-fatigue welded details, the definition of gain factor presented earlier in
accordance with IIW guidelines is utilized. The gain factor is the

the ratio of the fatigue life after TIG treatment to the as-welded fatigue life (GF = %). For treating existing structure, N
represent the fatigue life of the structures after TIG treatment. Therefore, in this case (treating existing structures) the Ny will be
replaced by the N, (which the extended fatigue life after TIG treatment). Concerning the N, it always presents the fatigue life of the
structure in its as-welded state.

3.1. Experimental gain factor

For all the collected and analyzed data [29,30,31] and [33], the experimental as-welded S-N curves and the S-N curves of the
treated pre-fatigued structures have been investigated. To study the efficiency of TIG dressing in extending the fatigue life, a factor
relating the experimental as-welded fatigue life (no treatment was performed) and the experimental extended fatigue life was
established to simulate the experimental gain in fatigue life.

N, ext
N, aw,exp

GF, exp —
Where

- Next is the experimental extended fatigue life,
- Naw,exp is the experimental as-welded fatigue life at the same stress range.

For investigating all the collected data, a plot of the points for each dataset is made to correlate with the defined gain factor as a
function of the remaining cracks after treatment (See Fig. 14). The justification of the reason to plot the gain factor as a function of the
remaining crack and not as the pre-fatigued life (Npr), can be that the remaining cracks include the treatment penetration depth
(treatment efficiency) and the initially introduced crack (the pre-fatigued life). This implies that the induced crack on the specimen
with a verified depth is a result of exposure to a predefined cyclic stress range and thus, the plotted points are independent of the stress
range and the stress ratio. it can be seen that in the case of cover plate [Fisher], there are cases where the total cracks were removed but
the gain factor of these specimens was lower than 3.4. for these specimen root cracks were detected.

Table 6
Welded parameters.
Run  Diameter of electrode Weld current Welding voltage Welding speed [Mm/ Wire feed speed [Mm/ Heat input [KJ/
[mm] [A] [V] sec] min] mm]
1 1.2 240 28.3 140 9.2 0.9
2 1.2 230-240 28.3 130-140 9.2 0.9-1
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Table 7
Mechanical proprieties of the used materials.
Yield strength [MPa] Ultimate strength [MPa] Elongation %
S355 355 575 22
C6LF 459 557 31
_ Npyg
g GF = N 3.4
=]
8
“
g

Characteristic TIG dressing S-N curve

Characteristic as-welded S-N curve

Naw Nrig

Number of cycles

Fig 13. Schematic presentation of the gain factor.
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Fig. 14. Experimental gain factor as a function of the remaining cracks.
3.2. Design gain factor

During the design phase of the structures, the engineers do not have the experimental as-welded S-N curve of the studied detail, on
the other hand, they possess the characteristic S-N curve of the studied detail. Therefore, a determination of a gain factor that relates
the extended fatigue life and the characteristic as-welded fatigue life is more relevant for the engineer.

cht
3
an.car ( )

GFL‘M =
Equation (3) presents the characteristic gain factor, where

- Ny is the experimental extend fatigue life
- Naw.oris the characteristic of as-welded fatigue life at the same stress range.

Independent of stress range, stress ratio and steel qualities, it was found that the characteristic gain factor in fatigue life is more than

11
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3.4 where crack completely removed and also for missing cracks less than 2 mm (See Fig. 15).
4. Sensitivity analysis of gain factors

In Miki et al [31] a large test series were provided which allow to deep analysis them. For the characteristic gain factor for lon-
gitudinal attachments, independent of stress range, remaining crack after treatment, it was found that the gain in fatigue life is more
than 3.4 where crack completely removed and also for missing cracks less than 1 mm (See Fig. 16). Also, the characteristic and the
experimental gain factor was plotted at the same curve. Fig. 17 shows the same results for transversal attachment.

Therefore, it is challenging to be sure if a crack of 1 mm depth was missed in a real structure. Hence. there is a need for a reliable
method to detect short subsurface cracks.

5. Crack detection

The extended fatigue life strongly depends on the crack depth. Moreover, it was established that If TIG dressing remains subsurface
cracks deeper than 1 mm, the extended fatigue life is strongly dependent on the size of the remaining cracks. Furthermore, it should be
noted that more the remaining cracks are deeper less the extension in fatigue life. Therefore, it is required to predict a reliable value of
the crack depth for an accurate prediction of fatigue life extension. However, in real structures, a crack measurement can be difficult to
achieve. Several non-destructive monitoring techniques are used in the industry to detect fatigue cracks. A brief description of the non-
destructive testing (NDT) methods is presented in [36] and [37].

In practice, the engineer has access to the characteristic fatigue life of the structures (from codes), and on the pre-fatigued fatigue
life. Therefore, it is convenient to find a relation between these two information and the remaining crack depths after TIG treatment.

Within the collected 109 tests, there is information about the prefatigued life, the characteristic fatigue life, and the introduced

cracks (during the prefatigued life). A plot of the ratio (%) as a function on the remaining crack depths after treatments

were plotted in Fig. 18. Fig. 18. Shows that for a ratio (#&ﬁﬁdifz (300) there are no remaining cracks after treatments. Therefore,
it could be concluded from the collected data that, there is not possibility to miss cracks during TIG treatments when the ratio

(%) of the treated structures is lower than 300.

6. Recommendation

The established analysis from the collected data [29,30,31] and [33] and the framework reported in [3] have indicated that the
primary factors influencing the extended fatigue life are the initial crack depth and TIG penetration depth which result in the sub-
surface remaining crack depth. It was found from a large test series that the TIG penetration depth is between 2.5 mm and 4 mm.

Based on 109 tests, for different steel quality, stress ratio and plate thickness, the main recommendation to treated pre-fatigue
welded structures are listed in the Table 8.

10000
M Longitudinal, [Miki],R=0.1
Transversal, [Miki],R=0.1
Transversal,[Ramalho],R=0.05
Cover plate,[Fisher],R=0.15
1000
X Transversal,[Hassan], R=0.3
|
| |
- | ]
— B
5 3
B 1004
8 ¢
c X |
= X
(U] |
X n
|
| |
10 “
1 u
0 2 4 6 8 10 12 14 16 18 20

Remainingcrack [mm]

Fig 15. Design gain factor as a function of the remain crack sizes.
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Fig 16. Longitudinal attachment: gain factor as a function of the remaining crack size.
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Fig 17. Transversal attachment, gain factor as a function of the remaining crack size.
7. Discussion and conclusion

Many steel structures are approaching or already exceeded their design fatigue life. Replacing all these structures represents a
challenging solution for the industry. Therefore, treating the existing structure to continue to be used present meanwhile the con-
struction of the new structures are taking place represent a challenge solution for the industry. TIG dressing represents an attractive
solution for the industry. Thus, a literature study of the pre-fatigue test treated by TIG dressing was performed. In total, 109 fatigue
tests were compiled.

In light of the preceding study, it was found that the following points hold independent of the weld detail, steel quality, loading
type, plate thickness and stress ratio.

- If TIG dressing completely removes the initial cracks (induced in the pre-fatigued phase) the extended fatigue life is at least 3.4
times the as-welded fatigue life. This corresponds to the lower design gain factor and therefore, the specimens after treatment have

at least the fatigue life of new as-welded TIG treated specimens.

13



A. Manai Engineering Failure Analysis 121 (2021) 105150

Recoemendation for crack detection
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Fig 18. Ratio (%ﬂsze) as a function of the remaining fatigue life.

Table 8
Recommendations.
Detail Loading  Recommendation Observation
\{
category If TIG remove If TIG remains 1 mm If TIG remains subsurface cracks
completely the initial ~ subsurface crack deeper than 1 mm
crack
Longitudinal Bending  The extended fatigue The extended fatigue  There is no significant - In the case were the prefatigued structure
Transversal Bending  lifeis 3.4 timestheas-  life is 3.4 times the improvement in the fatigue life showed a crack, as the size of the remaining
Cover plate Tension  welded fatigue life as-welded fatigue life  the extension is at least 10% the  subsurface crack is determinantal for the
as-welded fatigue life extended fatigue life, a reliable NDT is

needed to measure the remaining cracks.- In
the case were the prefatigued structure does
not show any cracks, it is more probable that
even there is a shallow crack it will be re-
melted.- The prefatigued life is indicative of
the remaining cracks.

- The extended fatigue life strongly depends on the crack depth. Moreover, it was established that if TIG dressing remains subsurface
cracks less than 1 mm, the extended fatigue life is at least 3.4 times the as-welded fatigue life. However, if TIG dressing remains
subsurface cracks deeper than 1 mm, the extended fatigue life is strongly dependent on the size of the remaining cracks.
Furthermore, it should be noted that more the remaining cracks are deeper less the extension in fatigue life. Therefore, it is required
to predict a reliable value of the crack depth for an accurate prediction of fatigue life extension. However, in real structures, crack
measurement can be difficult to achieve. Several non-destructive monitoring techniques are used in the industry to detect fatigue
cracks. A brief description of the non-destructive testing (NDT) methods is presented in [36] and [37].

To detect if the subsurface remaining cracks are lower than 1 mm an accurate and reliable non-destructive crack detection is
needed. A miss measurement of the remaining cracks will strongly affect the predicted extended fatigue life. Therefore, it is very
sensitive to measure the remaining cracks. In real bridge, it is very challenging to detect if there is a crack or not and even more,
challenging aspect is to measure the remaining subsurface cracks after treatment. Two recommended method to predict the
remaining subsurface cracks are as follows:

If the initial crack size is known, according to [29,31,33] the lower TIG penetration depth is between 2.5 and 4 mm. To be on the
safe side, a lower choice of TIG penetration on the specimen. Therefore, the remaining crack depth is equal to the initial crack depth
reduced by 2.5 mm.

If the size of the initial crack is not known, the pre-fatigued fatigue life will be used to determine the percentage of the consumed life
[3]

A limited type of welded joints, namely, longitudinal, transversal attachments and cover plate (pre-fatigued and then TIG treated),
were explored in this study. Thus, the significance of the established recommendations should be further highlighted for other
welded joints and real ageing existing structures using more case studies with different types of steel. Thereafter, the proposed
recommendation may be adopted and implemented in the assessment standards in the future.
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8. Conflict

Many existing structures are ageing. A high percentage of these structures are approaching or have exceeded their design fatigue
life. For example, the total number of collapsed bridges between 1970 and 1990 was 10. According to [1], this number further
increased to 20 collapsed bridges between 1990 and 2010. In [2], Imam et al. collected and reviewed literature studies of metallic
bridges to investigate bridge failure (the number of collapsed bridges over the years, the causes, the risks, etc.). In their study, the
authors distinguished between bridges that have collapsed and those that have lost serviceability (not yet collapsed). They claimed that
for bridges that have lost serviceability, fatigue failure was found to be the most predominant cause. It was found that welding was
responsible for losing the serviceability of metallic bridges. Therefore, thorough and precise control of the post-weld treatment method
used to extend the fatigue life of existing welded steel structures is essential.
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