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A B S T R A C T

The extension of fatigue life of ageing welded steel structures is an important challenge faced by
the industry. Herein, a detailed framework was developed to assess and improve the perfor-
mance of these aged structures (pre-fatigued) using tungsten inert gas (TIG) dressing. Within this
framework, relevant damage theories and models were applied to assess the state of pre-fatigued
structures. Based on the results of this assessment and TIG dressing parameters, the extended
fatigue life was estimated. Particular attention is paid to the deterministic study of the TIG
dressing parameters, which are the fusion depth, weld toe radius, and residual stress. The re-
sulting data, especially longitudinal and transversal attachments, were analysed to verify the
proposed framework. The improved fatigue life was found to be at least 3.4 times the as-welded
fatigue life when the cracks were completely re-melted. A significant dependency of the extended
fatigue life on the remaining crack length after treatment was observed. A comparison of my
predictions with experimentally obtained fatigue lives in other studies showed an absolute error
of 20%.

1. Introduction

The last decades of the 20th century witnessed an increase in the construction of steel bridges. Currently, a significant proportion
of these bridges are ageing and operating beyond their design fatigue life. However, the simultaneous replacement of these structures
is a major technical and constructional challenge. Strengthening these existing structures prolongs their fatigue life without the
requirement to replace them.
Extensive research has been performed to develop guidelines and frameworks to predict the remaining fatigue life of ageing

bridges [1–3]. Aeran et al. [4] presented a detailed framework for fatigue assessment of steel-based offshore structures, which can
also be extended to other steel structures. They focussed on recognising the state of an aged structure via detailed investigations of the
loading effects and structural material information. In their framework, they characterised the state of the pre-fatigued structures and
predicted their remaining fatigue life without indicating any suitable treatment or fatigue life after treatment. In 2008, Kühn et al. [5]
reported a detailed guideline for the evaluation of the remaining fatigue life of aged steel bridges within the European Convention
Construction Steelwork (ECCS). This work is bounded to the preliminary assessment steps of the state of pre-fatigued bridges without
providing any indication of the recommended models for damage calculations and crack propagation. Kühn [6] summarised this
report with an astute guideline for the estimation of the remaining fatigue life.
These studies ([1–7]) provide a general assessment technique for existing steel structures without recommending models for

damage calculations and crack propagation, which is required for an accurate prediction of the remaining fatigue life. Note that these
studies did not provide any specific recommendations or suitable treatments to improve welded steel structures.
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Therefore, more detailed guidelines, particularly for repairing welded steel structures, are required. The integration of relevant
theories and models that can accurately capture the state of pre-fatigued structures and post-weld treatment parameters to predict
improvement in fatigue life is critical. Recommendations that can estimate the damage distribution in the absence of cracks and
provide the parameters of post-weld treatment techniques are also necessary.
Welding of metals was introduced more than a century ago to replace joints with bolts. Welding is a process associated with

intensive heating which leads to considerable changes in local microstructure of the material and the formation of high welding
residual stresses (RS) in the welded joint. RS introduces a change in the stress ratio, which denotes a change in the characteristic of
cyclic loading, which can detrimentally affect the fatigue strength of welded joints. Cui et al. [8] found that the fatigue life is
overestimated by 49% by neglecting weld RS and its relaxation. Li et al. [9] showed that fatigue resistance of welded joints is strongly
dependent on the failure mode, and the dominant failure modes are important to predict the fatigue life of welded joints. These
results were supported by [10] and [11].
For welded components, serious fatigue problems were reported immediately after welding. Post-weld treatment techniques

remove weld defects, reduce the stress concentration at the weld toe, and retard the crack initiation life, thus improving the fatigue
strength [12]. A significant amount of research has been performed to investigate post-weld treatment methods such as peening
[13–16], grinding [17], and tungsten inert gas (TIG) dressing [18–21].
TIG dressing is an important industrial technique that produces more effective benefits than grinding [17]. However, the effi-

ciency of this treatment is lower than the efficiency of peening [13,14]. TIG dressing is presented using three parameters: geometry
(radius at the weld toe), residual stress (RSTIG) [24], and depth of treatment penetration (aTIG) [20,22,23].
The International Institute of Welding (IIW) has recommended methods for improvement of as-welded steel structures using TIG

dressing. IIW reported an increase in fatigue life by a factor of 3.4 without any improvement in the slope of the S–N curve [12].
Yildirim [25] examined the available data points in the literature for welded joints that were improved via TIG dressing and showed
that an S–N curve with a slope of 4 is more representative of the TIG dressing method. However, these studies ([12;25]) are limited to
newly as-welded structures and lack indications of the applicability of the method to pre-fatigued as-welded structures.
Many studies have focussed on TIG efficiency in the planning inspection of the extended fatigue life. Ramalho et al. [26] in-

vestigated 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. They concluded that no significant improvement occurred in fatigue life when TIG did not
completely remove the crack. Fisher et al. [27] performed TIG treatment of a cover plate with a crack depth of 1.5–7 mm (at the weld
toe) and concluded that TIG dressing completely removes the cracks from the weld toe but causes failure in the root in some cases.
Miki et al. [28] investigated the pre-fatigued longitudinal and transversal attachments and showed that the efficiency of TIG dressing
depends on two factors: the depth of the crack to be treated and the depth of TIG penetration (aTIG). [26–28] presented extensive test
results of repairing pre-fatigued steel structures by TIG dressing. Manai [29] summarises these studies.
These studies, however, had the following limitations: (1) they do not provide a detailed framework to assess and repair welded

steel structures by TIG dressing; (2) they do not provide recommendations to estimate the damage distribution in pre-fatigue
structures; and (3) they do not predict the extended fatigue life by TIG dressing treatment.
To overcome these limitations, this study proposes a detailed framework for assessing and strengthening ageing (pre-fatigued)

welded steel structures using TIG dressing. The theories and guidelines that are necessary to assess aged structures, estimate the
damage distribution, and predict the extended fatigue life are also provided. The proposed framework recommends countering
various issues, such as the dependency between the extended fatigue life and the remaining crack after treatment, as well as the lack
of control of TIG parameters. Initially, the study presents the developed framework. Second, two case studies are discussed to verify
the predicted fatigue life after treatment. Last, a recommendation to extend the fatigue life is presented.

2. Framework

A framework to assess and repair a pre-fatigued welded steel structure using TIG dressing is developed in this section. The
uncertainty of the input parameters in the pre-fatigued phase and the treatment phase substantially affect the extended fatigue life.
The important parameters in the pre-fatigued phase are weld geometry [30,31], weld residual stress distribution RSAW [32], and
crack depth a0 (which will be treated in the repairing phase). The parameters from the treatment phase are geometry after TIG [24],
TIG residual stress RSTIG, and TIG penetration depth aTIG [20]. Determining these parameters more specifically is essential to ac-
curately predict the fatigue life after treatment. The proposed framework provides precise damage accumulation models and defined

Nomenclature

TIG Tungsten inert gas
Npre Number of load cycles applied in the pre-fatigued

phase
RS Residual stress
RSTIG TIG dressing residual stress
aTIG TIG penetration depth (fusion depth)
RTIG Radius of the weld toe after TIG treatment
RAW Radius of the weld toe of the as-welded state

RSAW Residual stress from welding
a0 Size of the introduced crack in the pre-fatigued

phase
fy Yield stress of the material

ar Applied stress amplitude with zero mean stress
Nci Number of cycles to crack initiation
D Damage
Next Extended fatigue life after TIG treatment
NfAW Fatigue life of the as-welded structure
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parameters to assess the pre-fatigued structures. Recommendations regarding the size of the treated cracks to predict the improve-
ment in fatigue life are presented. The proposed framework is applicable to deterministic approaches that involve the use of design
values (mean values) of input parameters (from the pre-fatigued and treatment phases). The framework is divided into three blocks:
block A, block B, and block C, as shown in Fig. 1. In block A, a brief outline of various fatigue assessment approaches is presented with
recommendations for selecting a suitable approach. The extended fatigue life after TIG dressing is estimated in block B. Evaluation of
the gain in the fatigue life, which can determine the efficiency of the TIG dressing treatment, is provided in block C.

Fig. 1. Framework block A, block B, and block C.
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Recommendations are made based on each treated crack depth. The proposed framework is shown in Fig. 1, and a detailed ex-
planation regarding each block is provided in the following sub-sections. In Fig. 1, the red rectangle presents block A, the blue
rectangle presents block B, and the yellow rectangle presents block C. The dashed rectangles inside each block present the corre-
sponding steps. The green text indicates the unknown variables to be determined. The pink text indicates the variable to be de-
termined if they are not provided in the collected data.

2.1. Block A: Assessment and evaluation of the pre-fatigued state of the structure

The aim of this block is to more accurately assess the state of the pre-fatigued welded steel structure by providing damage models
and theories of fracture mechanics.

2.1.1. Data collection
Data collection is the most important step in this framework. Documents that detail the design phase, in-service phase, and the

current state of the structure (which is to be treated) are needed to assess the structure.

(a) Design, fabrication, and construction phase

This phase includes design documents that contain the design codes/standards employed during the design phase, loading details,
structural calculations, and available finite element analysis, as well as the fabrication and construction reports.

(b) In-service phase

This phase includes records of incidents or accidents during the service life and damage and modification to structures. Material
testing reports should be collected to document the status of structural degradation and any potential fatigue cracks. All repairs that
are performed during the in-service life should be listed.

(c) The current state of a structure

This phase includes the pre-fatigued state of a structure (that is to be treated) and the current set of codes and standards that can
address life extension.

2.1.2. Selection of the fatigue assessment approach
The collected data should be analyzed to quantify the degree of structural degradation, such as the crack depth and the amount of

accumulated fatigue damage. Two cases are discussed: the first case involves pre-fatigue welded details that contain cracks of a
certain size, and the second case involves uncracked structures with accumulated microscopic damage due to fatigue. The selection of
the appropriate fatigue assessment approach is crucial for the assessment process; therefore, two distinct fatigue assessments are
selected to address each case according to the IIW recommendation [31] and Eurocode [33].

(a) Damage tolerance approach

This approach is applicable to cases in which the pre-fatigued structures contain cracks. This method is based on the crack growth
law, which can be represented, for example, by the Paris law in [34] (Eq. (1)). However, other models of fracture mechanics and
crack growth law are applicable ([35–37]).

=da
dN

C K( )m
(1)

where da
dN
is the crack growth rate, K is the stress intensity factor range, and C and m are the constants that depend on the material.

The stress intensity range K can be expressed using Eq. (2)

=K K Kmax min (2)

where Kmax and Kmin are the maximum stress intensity factor and the minimum stress intensity factor, respectively, which correspond
to the maximum stress range and minimum stress range, respectively.

(b) Safe life approach: S-N method

The safe life approach is selected to predict the crack initiation life of pre-fatigued structures that do not show any cracks. The
notch stress approach ([31,38]) is recommended to estimate the damage accumulation and crack initiation life of welded details with
the corresponding S–N curve.

2.1.3. Structural degradation analysis and estimation of Npre

This subsection depends on the state of the pre-fatigued structure and provides an analysis of the collected data. The aim of this
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subsection is to estimate the damage distribution in a pre-fatigued structure and the number of cycles applied in the pre-fatigued
phase Npre (if it was not provided in the collected data) using the weld toe radius (RAW), weld residual stress distribution (RSAW),
depth of treated cracks a0, material properties (S–N curve), and applied load. Four cases can be found. In the first case, if Npre is
provided (in the collected data) and the pre-fatigued structure does not show any cracks, the cumulative damage should be calculated
based on the safe life S–N approach. In the second case, if Npre is provided and the pre-fatigued structure is cracked, then no
calculation is required because all information for the continuation of the framework is provided. In the third case, if Npre is not
provided and the structure does not show any cracks, the estimation of Npre and the damage distribution are required. In the fourth
case, if Npre is not provided and the structure shows cracks (a0 mm depth), prediction of Npre is required. In Section 2.1.3.2, more
precise estimations of damage distribution, crack propagation, and Npre are provided.
In Fig. 2, the dashed frames present the steps, the red text presents the title of the step, and the green text represents the unknown

variables. The pink text presents unknown variables to be determined (if they are not provided in the collected data).

2.1.3.1. Parameters

- Weld residual stress (RSW)

By definition, RS illustrates the stress distribution, which can exist in structures when no external load is applied. A probabilistic
study of weld RS has been performed [32]. The mean shape of the weld RS distribution at the weld toe in the thickness direction was
provided, as shown in Fig. 3, where ‘fy‘ is the yield stress, ‘thickness’ is the thickness of the main welded plate, and ‘RS’ is the residual
stress.
According to the collected data, three different cases of weld RS can be found. The possible cases and their corresponding

recommendations are detailed as follows. In the first case, if the collected data provide complete information regarding the shape of
the RS, it is advisable to use this information. In the second case, if the available collected data has only information about the surface
weld residual stress and does not provide the shape of the subsurface residual stress, estimation of the latter using a linear re-
lationship between the surface RS and the subsurface RS is recommended [32]. In the third case, if information about the weld RS is
not available from the collected data, the use of the shape presented in Fig. 3 for the continuation of the framework application is
recommended.

Fig. 2. Block A, assessment and evaluation of the pre-fatigued state of the structure.
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- Weld geometry parameter:

Welding is a variable process that introduces variations in the weld geometry, particularly in the weld radius. Previous studies
have shown that the weld radius depends on details such as the weld metal and type of attachment (longitudinal attachment,
transversal attachment, and T joints). It is advisable to use the given value of the weld toe radius if it is provided in the collected data.
If the weld toe radius is unavailable, IIW [31] and [32] recommend a radius of 1 mm for any weld joint.

2.1.3.2. Damage distribution and crack initiation. The stress concentration Kt along the thickness of the main plate is obtained using a
finite element analysis. Using the notch stress approach and weld toe radius (RAW), the notch stress factor Kf can be defined [38].
Mean stress correction is performed based on the external loads, weld RS, stress concentration factor Kt, and notch stress factor Kf.

In this study, Morrow law [45] is selected for mean stress correction. However, other mean stress correction laws are also applicable.
This mean stress correction enables the applied stress amplitude ar to be defined considering the weld toe radius and the RS to
predict fatigue life using the safe life approach S–N curve.
With the S–N curve of crack initiation and ar , the crack initiation life (Nci) can be predicted. If the pre-fatigued structure is non-

cracked and Npre (pre-fatigue life cycles) is provided, then the accumulated damage can be estimated using the Palmgren-Miner rule
(Eq. (3)).

=D
N
N

pre

ci (3)

If Npre is not provided and the structure does not show any cracks, the estimation of Npre is needed. In this case, the assumption
that the structure is in the crack initiation phase is adopted [4]. In this case, Npre is assumed to be equal to Nci.

2.1.3.3. Crack propagation. In cases where Npre is unknown and the structure shows a crack with a depth of a0 mm, it is advisable to
predict crack initiation and propagation life (until a0 mm). From Section 2.1.3.2., the crack initiation life is determined. With the
theories of linear fracture mechanics, crack size (a0 mm), and crack growth law [34], the number of cycles to crack propagation to a
maximum size of a0 mm (Ncrack growth) can be computed. Section 2.1.2 provides more details regarding crack propagation. The

Fig. 3. Mean shape of weld residual stress at the weld toe in the thickness direction.
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predicted Npre is expressed using Eq. (4).

= +N N Npre ci crack growth (4)

2.2. Block B: Treatment analysis and estimation of the extended fatigue life

TIG dressing is an important industrial technique that is more efficient than grinding but less efficient than peening [46]. TIG
dressing removes the weld defects, re-melts the material to a certain penetration depth (aTIG) [20,22,23], increases the weld toe
radius (RTIG), and reduces the weld residual stress (RSTIG) [24].
The state of the repaired pre-fatigued structures depends on the state of the pre-fatigued structure before treatment. Two cases

could be found. In the first case, the treatment re-melts the damaged area completely removes the weld defects and cracks (if they
exist) and produces a structure without cracks. In the second case, the treatment does not completely remove the cracks, and
subsurface cracks remain in the structure after treatment.

2.2.1. TIG dressing treatment method
If the TIG fusion depth is aTIG mm, the material at the weld toe to a maximum depth of aTIG mm is re-melted. This finding implies

that the damaged material, weld defects, and cracks to a depth of aTIG mm were completely removed. When the pre-fatigued structure
has cracks deeper than aTIG mm, subsurface cracks remain on the structure (refer to Fig. 4).
In cases with completely re-melted cracks after TIG dressing, the safe life S–N approach is utilized to estimate the fatigue life. For

cases where undemolished cracks remain even after treatment, however, the damage tolerance approach is the appropriate fatigue
assessment approach for estimating fatigue life. The two fatigue assessment approaches are provided in Section 2.1.2.

2.2.2. Estimation of the extended fatigue life
Parameters

- TIG residual stress, RSTIG

RS has an important impact on fatigue life, which can be either beneficial or harmful. This effect can be beneficial when com-
pressive RS is introduced, as demonstrated by the increase in the crack initiation period [12,13]. However, this effect can be harmful
when tensile RS is introduced; this disadvantage can be observed in the reduction of the crack initiation period. Thus, the TIG RS is
considered in the estimation of fatigue life. However, the information regarding the TIG RS distribution is not always available for the
investigated structure. The three different possible cases regarding the accessibility of RSTIG and their corresponding re-
commendations are detailed as follows. In the first case, if the TIG RS distribution of the weld toe in the thickness direction is
provided, it is advisable to use this distribution. In the second case, if only the surface magnitude of TIG RS is provided, according to

Fig. 4. Cases of the structure after treatment.
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[32], the subsurface RS distribution at the weld toe can be estimated and applied. In the third case, if no RS from TIG dressing is
provided, the use of the weld RS distribution presented in [32] is recommended.

- TIG radius: RTIG

The geometry improvement introduced by TIG dressing emerges as an increase in the weld toe radius, which reduces the stress
concentration at the weld toe. Regarding the available information of the weld toe radius, two possible cases could exist. The first
case is that the weld toe radius for a structure is provided. In this case, it is advisable to use this value for the application of the
framework. The second case is that the weld toe radius is not provided, wherein according to IIW [12] the use of RTIG = 5 mm is
recommended.

- Penetration depth: aTIG IIW

This parameter is the determinant of the selection of the corresponding fatigue assessment approach. The penetration depth (aTIG)
can have two cases of availability. The two possible cases and their corresponding recommendation are presented as follows. In the
first case, if aTIG is provided within the collected data, the use of this value is recommended. In the second case, if aTIG is not provided,
according to IIW [12,26] and [28], the use of aTIG = 3 mm is recommended.
As previously mentioned, the weld toe radius (RTIG) reduces the local stress concentration, and the TIG residual stress (RSTIG)

changes the mean stress. Thus, the TIG radius and the TIG RS affects the applied stress range. Eq. (5) shows the integration of these
two factors in the calculation of the applied stress range in Morrow law. Note that aTIG is employed in the selected fatigue assessment
approach.

= +1
ar RS

2
m TIG

f (5)

where is the stress range obtained from FEM considering the weld toe radius (RTIG), m is the mean stress, RSTIG is the residual
stress from TIG dressing, u is the ultimate tensile strength, and ar is the stress amplitude with zero mean stress

2.3. Block C: Estimation of the gain factor

The gain factor is defined to quantify the efficiency of TIG dressing in fatigue life improvement [12]. As shown in Eq. (6), this gain
equals the ratio between the extended fatigue life of the treated structure and its as-welded fatigue life.

=GF N
N

ext

fAw (6)

where NfAw is the fatigue life of the as-welded structure and Next is the extended fatigue life of the treated structure.

Fig. 5. Geometry of the tested specimen.
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3. Case study 1: Verification of the framework by tests from studies [26]

In this case study, the only provided data include those from [26], which contains information regarding the manufacturing phase
of the specimen, material properties, finite element simulations, and load characteristics. An analysis of the provided information
within [26] was conducted to identify the degree of structural degradation and verify the extended fatigue life.

3.1. Assessment of the pre-fatigued structure

Ramalho et al. [26] studied the pre-fatigued specimens treated by TIG dressing. The tested specimens had a transversal attach-
ment manufactured with medium-strength steel St-3DIN 17,100 with a yield strength of 384 MPa and ultimate stress of 555 MPa. The
specimens were produced from main plates with a thickness of 12.5 mm and a low penetration fillet welded with an attachment of
equal thickness. The final specimens were cut into pieces with a thickness of 270 mm. Fig. 5 shows the geometry and dimensions of
the specimens.
The as-welded specimens were submitted to bending loading (refer to Fig. 5) with a stress ratio R = 0 until an increase of 10% in

the initial deformation at the weld toe was registered. This increase in deformation was caused by the initiation and propagation of
fatigue cracks with a maximum depth of 3 mm. The number of cycles (Npre) was recorded until this increase in deformation was
registered. The two collected pieces of data—the number of applied loading cycles (Npre) and resulting crack depth—enabled the
assessment of the state of the pre-fatigued structure and continuation of the framework.

3.2. Repairing by TIG dressing

All pre-fatigued specimens contained cracks. After the specimens were treated, two outcomes are possible after inspection. In the
first outcome, TIG treatment completely removed the crack; in the second outcome, cracks remained in the structure. In the following
subsection, an analysis of the information in [26] regarding TIG dressing is presented.

3.2.1. Identification of TIG dressing parameters
The pre-fatigued specimens were re-habilitated by TIG dressing techniques by using the parameters listed in Table 1.
A statistical analysis of the radius at the weld toe, after TIG dressing, showed an average value of 6.25 mm with a standard

deviation of 1.99. The fatigue strength of the welded joints was strongly affected by a TIG RS field at the weld toe [24]. In these tests,
two different techniques were used to measure the surface RS at the weld toe: X-ray diffraction and the hole drilling method. The
measurements were conducted for a randomly selected specimen and showed that the TIG dressing introduced a (compressive) RS of
−80 MPa at the weld toe. The subsurface RS distribution at the weld toe can be predicted based on the surface-measured value of RS
and the model developed in [32]. Fig. 6 shows the estimated TIG RS distribution.
The radius of the weld toe is used to compute the stress concentration factor. This factor showed a decrease from 1.76 (in the as-

welded state) to 1.4 (after TIG dressing treatment) due to radius smoothing. The depth of aTIG was used to determine whether the
treatment completely removes the crack when a0 < aTIG or whether a subsurface crack remains when a0 > aTIG. Thus, the depth of
TIG penetration enables the selection of a suitable fatigue assessment approach. In this study, aTIG was not provided for each spe-
cimen. The recommended value for aTIG of 3 mm was used [12,18,21].

3.2.2. Estimation of the extended fatigue life
In these tests, all information required to estimate the state of a structure after applying the TIG treatment by the proposed

framework was identified. Based on the state of each specimen after treatment (with cracks or without cracks), the corresponding
fatigue assessment approach was selected. A comparison between the experimental extended fatigue life after TIG treatment and the
predicted extended fatigue life after TIG treatment is shown in Fig. 7. The predicted extended fatigue life is within the error band
of ± 20% of the experimental fatigue life. In most tests, the predicted extended fatigue life is lower than the experimental fatigue
life, which results in an underestimation of the extended fatigue life. In these tests, for most of the treated specimens, cracks remain
after treatment, which caused a lower extended fatigue life (less then 1E6 cycles).

3.3. Gain factor

To assess the efficiency of TIG treatment, a calculation of the gain factor in fatigue life (Eq. (6)) is required. Within this case study,

Table 1
TIG dressing parameters.

TIG dressing parameters

Argon flux
Current intensity −110 A
Tension DC −19 V
Linear rate −1.08 mm/s

A. Manai Engineering Failure Analysis 118 (2020) 104923
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the as-welded fatigue life for each specimen was given (Nf AW).
Fig. 8 shows two points (two gain factors)—triangles and circles—for each size of the remaining cracks. The triangle represents

the predicted gain factor and the square represents the corresponding experimental gain factor.
The following preliminary conclusions can be obtained from this study:

Fig. 6. Estimated TIG residual stress distribution at the weld toe in the thickness direction.

Fig. 7. Comparison between the experimental extended fatigue life and the predicted extended fatigue life.
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- One possible explanation of the error between the predicted gain factor and the experimental gain factor is because, within this
test series, there is no information about the TIG dressing penetration depth, which means that in some specimens, some real
(physical) cracks remain (the extended fatigue life covers the crack propagation period). In contrast, when the recommended aTIG
was used, it was found that no cracks remained in the structure (the extended fatigue life included the crack initiation life and the
crack propagation life).
- The extended fatigue life is strongly dependent on the crack size after treatment. High gain factors were obtained for a small
remaining crack, whereas a low gain factor was noted for a high remaining crack.
- The gain in the fatigue life of structures that contains cracks after treatment is lower than 0.5.
- According to IIW [12], a new as-welded treated structure showed an increase in the fatigue life of 3.4. The extended fatigue life of
pre-fatigued structures that contain cracks after treatment was lower than the fatigue life of the new as-welded TIG treated
structures.
- The TIG dressing treatment is not efficient for treating deep cracks—cracks deeper than the fusion depth (aTIG).

Fig. 8. Gain in fatigue life as a function of the remaining cracks.

Fig. 9. Dimensions of the transversal attachment in mm.
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4. Case study 2: Verification of the framework by tests from studies [28]

In this case study, the only provided document is the study of Miki et al. [28]. Here, the material properties, manufacturing
process, and load characteristics were provided. This study was analyzed to extract information to assess pre-fatigued specimens and
predict the extended fatigue life after treating these specimens by TIG dressing.
Miki et al. [28] investigated the effect of TIG dressing on repairing pre-fatigued fillet-welded joints, which were transversal and

longitudinal attachments. The configuration and dimensions of the specimens are shown in Fig. 9 and Fig. 10, respectively. The
material of the main plates was SM58 steel, and the material of the attachment plates was SM50 steel. Table 2 lists the mechanical
properties of these materials. Welding was manually performed using low-hydrogen-type electrodes [28]. Fatigue tests were per-
formed by four-point bending (refer to Fig. 9 and Fig. 10). The stress ratio for all tests was 0.1.

4.1. Block A: Assessment and evaluation of the pre-fatigued structures

Forty as-welded specimens (20 longitudinal attachment and 20 transversal attachment) were submitted to 450,000 load cycles.
After this loading stage, non-destructive tests (dye penetrant and ultrasonic tests) were employed to detect the dimensions and shapes
of any probable cracks. For some specimens, no cracks were detected, whereas cracks with depths from 2 to 6 mm were detected at
the weld toe in other specimens.
For specimens that did not show any cracks, the safe-life approach S–N curve was selected to estimate the damage accumulation

according to Section 2.1.3.2. For cracked specimens, the pre-fatigued state was well defined because the crack dimension and number
of applied load cycles were provided in [28].

4.2. Block B: Treatment analysis and estimation of the extended fatigue life

The pre-fatigued welded joints were repaired by TIG dressing. For some specimens, the initial cracks were completely re-melted
(removed), while some cracks remained inside the patent plate for other specimens.

4.2.1. Identification of TIG treatment parameters
In [28], 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. No RS after TIG dressing treatment was measured. Therefore, the shape of RS provided in [32] is used.

4.2.1.1. Estimation of extended fatigue life. For each treated specimen, regardless of whether a crack is detected, a suitable fatigue
assessment approach is selected to estimate the extended fatigue life with the identified TIG dressing parameters.
Fig. 11 and Fig. 12 show the experimental points and their fitted lines, as well as the predicted S–N curves for pre-fatigued treated

specimens for transversal attachment and longitudinal attachment for other specimens, respectively.
In a preliminary analysis of the obtained S–N curves, some relevant aspects are noted:

Fig. 10. Dimensions of the longitudinal attachment in mm.
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- The experimental and predicted fatigue life of specimens treated by TIG dressing are distinctly higher than those of the as-welded
fatigue life.
- The predicted fatigue life of the treated structures using the recommended TIG RS are similar to the experimentally obtained
fatigue life.
- The fatigue strength of welded joints is strongly affected by the RS field at the weld toe.
- When TIG completely removes the cracks, the fatigue life of the pre-fatigued treated structure is higher than the recommended

Table 2
Mechanical properties of SM58 and SM50 steel.

Material Mechanical properties
Yield strength [MPa] Tensile strength [MPa]

SM58 590 680
SM50 410 560

Fig. 11. S–N curves of longitudinal attachment.

Fig. 12. S-N curve of transversal attachment.
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fatigue life by IIW.
- The improvement in the fatigue life is 7.5 times the improvement in the as-welded fatigue life for longitudinal attachment.
- The improvement in fatigue life is at least 4.5 times the improvement in the as-welded fatigue life for transversal attachment.

Fig. 13 shows a comparison between the experimental fatigue life and the predicted extended fatigue life, transversal attachment
and longitudinal attachment. The predicted extended fatigue life falls within the error band of 25% of the experimental extended
fatigue life. Thus, using the same RS as in [32], the results agree reasonable. The extended fatigue life of the cracked structures (after
treatment) is low compared with the extended fatigue life of non-cracked structures after treatment.
The fatigue life of TIG treated specimens is higher than the fatigue life of the as-welded specimens regardless of whether the TIG

dressing can completely remove the cracks. The highest improvement in fatigue life was detected when TIG successfully removed the
cracks completely. Thus, the extended fatigue life includes the crack initiation period of the treated structure.
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. As previously mentioned, all TIG parameters were provided in this case study, except the TIG RS, which was
recommended by the shape in [32].
In the case where TIG dressing completely removes the cracks, the impact of the initial crack size in the prediction of fatigue life

was investigated. Fig. 14 shows the predicted and the experimental points of the extended fatigue life as a function of the initial crack
for a stress range of 275 MPa for longitudinal attachment. Independent of the crack size before treatment, the predicted extended
fatigue life was 3.8E6 cycles. The experimental results show a scatter of the extended fatigue life from 3 to 4.8 million cycles for
cracks with a depth between 0.7 and 4 mm. If TIG dressing completely removes the initiation cracks, the extended fatigue life is
independent of the crack size before treatment.

5. Recommendation

The recommendations provided in [12] and [25] are limited to new as-welded structures treated by TIG dressing. The experi-
mental studies [26,27], and [28] present an extensive series of tests for different weld joints to study the efficiency of TIG dressing to
treat a pre-fatigued welded structure. In this section, an analysis of numerous tests and the proposed framework is provided to extract
the recommendation for a pre-fatigued structure treated by TIG dressing.

1- When TIG dressing completely removes the initial crack, the initial crack depth does not influence the extended fatigue life.
Fig. 15 presents the experimental results of the extended fatigue life as a function of the crack before treatment for transversal
attachment [28]. For example, in Fig. 15, when the stress is 275 MPa, independent of the crack before treatment, which varies
between 1 and 4 mm, the extended fatigue life falls within the range of 3.5E6 to 5E6 cycles. When the stress is 366 MPa, the
treatment of cracks with a depth of 1.4 or 3.1 mm produces an extension in fatigue life of 3E6 to 4.5E6 cycles.

2- When TIG dressing does not completely remove the initial crack, the dependency between the extended fatigue life and the
remaining crack after treatment is significant.

3- Fig. 16 presents the gain factor as a function of the remaining cracks for the collected data of pre-fatigued specimens tested by TIG

Fig. 13. Comparison between experimental extension and predicted extension in fatigue life for transversal and longitudinal attachment.
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dressing (transversal attachment, longitudinal attachment, and cover plate). If the crack is entirely removed, the extended fatigue
life is at least 3.4 times as large as the as-welded fatigue life. If a crack remains after TIG dressing treatment, the extended fatigue
life depends on the remaining crack size. In the investigated database the extended fatigue life is at least 10% the as-welded
fatigue life. When the gain factor is less than 3.4, the case corresponds to root failure and not toe failure.

6. Discussion

In [26] and [28], an extensive series of tests was conducted. These tests addressed different possible scenarios of the proposed
framework. Fig. 17 shows the following different scenarios:

1. Pre-fatigued no-cracked structure treated by TIG dressing (no crack after TIG dressing treatment).
2. Pre-fatigued cracked structure treated by TIG dressing, where the crack is not completely removed (with crack after treatment).
3. Pre-fatigued cracked structures treated by TIG dressing, where the crack is completely removed (crack-free after treatment).

In our developed framework, some recommendations regarding TIG dressing parameters are provided. Within the previously
mentioned case studies, the recommendations regarding RS and TIG penetration depth were verified. The case studies in [26] and
[28] were selected because the data were completely accessible. In these two case studies, the only provided information to assess

Fig. 14. Cracks completely removed after TIG treatment: cracks before treatment as a function of the extended fatigue life.

Fig. 15. Size of removed cracks as a function of the extended fatigue life.
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and predict the extended fatigue life of the specimens was the scientific papers. Because these case studies did not provide any
verification of the ‘’ data collection’’, a suitable case study should be selected to verify this step.
A limited number of welded joints, namely, longitudinal and transversal attachments (pre-fatigued and then treated by TIG

dressing), were explored in these studies. These results were used to validate the proposed framework. Thus, the significance of the
proposed framework should be further highlighted for other real ageing existing structures using more case studies with different
types of steel. Thereafter, the proposed framework and given model parameters may be adopted in the assessment standards in the
future.
The extended fatigue life strongly depends on the crack depth. 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, the 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 [39] and [40].
Real structures experience different types of ageing [40–43]. The proposed framework considers only the ageing caused by

fatigue. Other aspects of ageing such as corrosion, erosion, and creep have not been considered.
The proposed framework can be used for both deterministic and probabilistic analysis approaches. While the deterministic ap-

proach requires the use of design values of the parameters in the proposed framework, the probabilistic approach involves the use of a
distribution function for each of these parameters. The proposed framework is applied to the considered case studies using a de-
terministic approach. It can also be used with probabilistic approaches.

7. Conclusion

The extension of fatigue life of ageing welded steel structures has been identified as a significant challenge. The simultaneous
replacement of these structures is a major technical and constructional challenge. Strengthening these existing structures prolongs
their fatigue life without the requirement of replacing them. Some studies have provided a general assessment of existing steel
structures, but they do not recommend models for damage calculations and crack propagation, which is needed for an accurate
prediction of the extended fatigue life.
In this study, a framework is developed to assess and improve pre-fatigued welded steel structures by TIG dressing techniques. In

the assessment phase, damage models and theories of fractures mechanics are provided for an accurate evaluation of the structure.
TIG parameters (toe radius, RS, and TIG penetration depth) are provided in the prediction of the extended fatigue life. The proposed
framework is verified using 60 specimens from two experimental studies that discuss possible scenarios.
The following conclusions were drawn:

- Pre-fatigued specimens treated by TIG dressing have a higher fatigue strength than as-welded specimens (at least 3.4 times the as-
welded fatigue life) because of the sufficient TIG dressing penetration to completely remove the initial crack.
- When TIG dressing did not completely remove the crack, the extended fatigue life was strongly dependent on the remaining crack
size after treatment with no significant improvement in the fatigue life (the improvement was less than 10% of the as-welded
fatigue life).

Fig. 16. Gain factor as a function of the remaining cracks after treatment.
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Fig. 17. Different verified scenarios of the framework.

A. Manai Engineering Failure Analysis 118 (2020) 104923

17



- The fatigue strength of the treated structure was strongly affected by TIG treatment parameters, especially the TIG penetration
depth (aTIG).
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