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Abstract

Residual stresses play a major role in the fatigue life and static strength of welded components. The high thermal gradient to which
the material is subjected to during welding often leads to tensile residual stresses in critical notched regions. Residual stresses
evaluation is crucial as they can cause unexpected failures or premature degradation of components, thus shortening the service
life. Since determining their magnitude a priori is challenging, the experimental evaluation is fundamental when tensile residual
stresses could be degrading for a component. The assessment of residual stresses can be performed through different techniques, all
involving indirect measurements based on the detection of elastic deformation or displacement. In this context, a method belonging
to the sectioning method category is proposed to calculate relaxed strains in a pipe-to-plate welded joint. The relaxed strains are
determined by means of strain gauges placed on the upper surface of the plate nearby the weld bead. The results thus obtained
represent strains measurements generated after an incremental hole cutting process performed on the bottom surface of the plate,
opposite respect to the surface where the strain gauges were attached. Through this method, the calculated strains are related to the
diameter and depth of the performed hole, as well as the location where the strain gauges are placed on the plate surface.
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1. Introduction

Residual stresses are often the cause of unforeseen failures and dimensional irregularities, as they can reduce the
strain resistance [7], fatigue life [1] and promoting stress-corrosion failures [17]. Especially residual tensile stresses
can be degrading for a mechanical component shortening the fatigue life due to early crack initiation and faster crack
propagation [12]. This is especially the case of welded joints, where residual stresses are generally produced because
of the high thermal gradient caused by the welding process. Steep stress gradients are generated around the weld
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bead leading in highly conservative assumptions in standard codes, often due to the lack of knowledge on the effect
of residual stresses for the material [8]. The knowledge of residual stresses is often required to perform a reliable
fatigue assessment, as welding tensile residual stress is detrimental for the fatigue life and fatigue strength of welded
joints [16]. On the contrary, compressive residual stresses are sometimes introduced to strengthen a component (e.g.
shot peening and plastic deformation in automotive helical springs [2]).
Several methods exist to evaluate residual stresses, each one with different issues and all belonging to the research
field of inverse problems [15, 11]. Some methods introduce additional damage to the component and are based on the
detection of elastic deformation or displacement due to stressed material relieving. Among these methods, they can
be mentioned destructive techniques as the sectioning method [21] or semi-destructive techniques as the hole drilling
method [20]. Alternatively, non-destructive techniques can be employed, mainly for periodic inspection routines; these
are mainly based on neutron diffraction [20] or ultrasound [19, 18] technologies.
This work is the continuation of early-stage experimental research on residual stresses, already discussed by the
authors [6]. An experimental investigation of relaxed strains (εR) in a welded pipe-to-plate joint is presented in the
following. Relaxed strains were calculated as a result of stresses relieving within the specimen caused by a material
removal process involving a significant volume of the specimen. The strain measurements were performed by means
of strain gauges placed on the plate surface close to the weld toe, while the incremental cutting process was performed
on the plate’s bottom surface. The material removal from the bottom surface is carried out in such a location and a
manner that stresses are released close to the area of interest. The plate upper surface allows strain measurements
through the easy placement of strain gauges besides being the area of the specimen which is most affected by residual
stress redistribution caused by the cutting process.

2. Material and model

A pipe-to-plate welded joint has been studied in the following work. The specimen, shown in Figure 1, consisted
of a tube strengthened by an internal circular plate and subsequently welded to a base plate by means of gas metal arc
welding (GMAW). The specimens were entirely manufactured from S355JR structural steel, while, the parameters
adopted during welding are presented in Table 1. Material and components employed in this work are widely adopted
in the railway sector for high-speed trains, as already shown by [14]. Seize-wise, the tube is 44 mm of internal diameter
with a thickness of 10 mm, whereas the plate, is quadrangular, 190 mm side and 25 mm thick. The four holes on the
plate were drilled to fix the specimen on the fatigue test bench (not discussed in this work); similarly, the internal
chamber generated by the circular support was pressurized to detect any through-the-thickness crack during fatigue
tests [3, 4, 9, 10].
The welding process led specifically to a non-full penetration weld bead, as shown in Figure 1 b). An important
consideration derived from the different radii dimensions between weld toes and root, that can be observed in Figure 1.
Due to the gravitational effect on the molten metal during the welding process, the upper weld toe had a much larger
radius (i.e. 2 mm) if compared to to the weld root and the lower weld toe radii (i.e. 0.2 mm). It is worth noting that a
stress concentration was expected in all the existing notches, nevertheless, the experimental strain measurements were
located in the surrounding area of the weld bead on the flange surface where higher stress gradients were expected.
The weld root area was technically unsuitable for residual stress measurement, for this reason only the outer region
on flange surface surrounding the weld bead has been considered.

Table 1. Welding process parameters

Welding Current (I) Arc Voltage (U) Welding Time Welding Speed

211 A 25 V 75 s 2.7 mm s−1

Filler material Welding wire diameter Shielding gas Gas flowrate

G3/4 Si1 1.20 mm 82% Ar 18% CO2 0.62 m3 h−1
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Fig. 1. Real sample (a), micrograph of the weld seam (b), technical drawing of the specimen (c) from [5]

3. Relaxed strain measurements

Several strain measurements around the weld bead have been obtained through strain gauges by means of an
incremental hole cutting process, starting from the bottom of the base plate. The drilling process was required to
relieve the specimens, as the strain gauges were installed after completion of the welding process. This procedure,
schematically illustrated in Figure 2, is meant to achieve experimental relaxed strains, representative of the residual
stress state in the weld region close to the weld toe.
Linear strain gauges with nominal resistance of 120Ω and measuring grid length of 0.6 mm and 1.5 mm were
employed together with the Model 5100B Scanner data acquisition system from StrainSmart R©. The largest strain
gauges with a grid length of 1.5 mm have been placed with rather large angular steps during installation (∆θ > 15◦).
On the contrary, the 0.6 mm grid length were specifically used for localized strain measurements, with an angular
step of ∆θ = 6◦ and located in the area opposite at the welding starting point.
The cutting process was step-based to control the acquired results of strains and achieve different measures for

different cutting depth (δ) and holes’ diameter (d). Figure 2 shows, on the left side, two holes dimensions employed
together with the hole depth parameter δ. Overall, the represented holes in Figure 2 refer to the following diameters:
d = 42 mm in dark grey and d = 100 mm in orange. It is worth noting that no detectable measurements were obtained
from the 42 mm hole since the calculated relaxed strain magnitude was of the same order of magnitude of the experi-
mental noise. A picture of the machining process is shown in Figure 3, in which the placement of the specimen on the
milling machine and the machining of the hole are shown. Figure 3 illustrates how the outer flange edges and the tube
were machined to sufficiently compact the specimen to perform the installation. All pre-testing machining operations
were performed on specimen’s regions with a negligible residual stress state, thus to not affect the area of interest
close to the weld bead. The drilling was carried out through a milling cutter with a fixed tool position and specimen
rotation. From a procedural standpoint, while the milling cutter tool was maintained at a constant depth, the hole
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Fig. 2. Outline of the incremental hole cutting process.

diameter was increased by 5 mm after each complete rotation of the specimen. The process continued until the desired
diameter was reached, thereafter the tool’s depth was increased and the process reiterated. Each complete rotation
is followed by a machining interruption, as the specimen shall be returned to the starting position due to cabling issues.

Fig. 3. Experimental machining of the specimen’s plate, front (left) and back (right) views

The strain gauges were placed according to the pattern in Figure 2, where rext and θ identified respectively, the
radial distance between the strain gauge and the weld toe, and the angular distance from the starting welding point
and the strain gauge. The welding starting point is identified as the position where the welding process begins and
ends. It is worth noting that in this particular position the material is affected by a double thermal process which may
cause a significant variation in residual stress and strain values, possibly leading to a symmetry-break in the stress and
strain results in the hoop direction.
Table 2 shows the information of the tested specimen, specifically reporting the main parameters rext and the angular
steps ∆θ employed during strain gauges placement. The specimen Test-5 was heat-treated after welding (i.e. 650◦ for
1 hour and cooled down gradually to ambient temperature) with the purpose to corroborate the strain gauges mea-
surements through comparison between the as-welded condition and the annealed one. An overview of strain gauges
placement on the flange surface is given in Figure 4, specifically the Test-1 and Test-3 specimen.
The incremental hole cutting process is a step-based method and allows strain measurements to be determined de-
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pending on several parameters. From the placement of a single strain gauge, measurements as a function of rext, θ, δ
and d can be obtained, where rext and θ remain fixed while δ and d vary during the cutting process

εrr = f (rext, θ, δ, d)

Table 2. Set-up information of the experimental tests for relaxed strains measurements
Name Heat treatment Strain gauges num. rext (mm) ∆θ (◦)

Test-1 / 8 6.5/9/13 90◦ steps

Test-2 / 6 6.5/9/13 90◦ steps

Test-3 / 12 6.5 30◦ steps

Test-4 / 19 6.5 15◦/6◦ steps

Test-5 annealing 12 6.5 30◦ steps

4 mm

Fig. 4. Test-1 specimen (left), with eight strain gauges applied at a 90◦ step angle. Test-3 specimen (right) with twelve applied strain gages with 30◦

step angles

4. Results and discussion

The following section presents an exploratory data analysis of the collected experimental results, together with a
discussion. This section is aimed at obtaining a clear understanding of the relaxed strain behaviour concerning the
coordinates that define the strain gauge positioning on the flange surface (i.e. rext and θ). Table 3 shows the complete
data set of all results collected during experimental tests. All data were collected for a hole diameter of 100 mm and for
different rext and θ values. Since the cutting was performed by incremental steps of 5 mm, δ assumes discrete values
of 5 mm, 10 mm, 15 mm and 20 mm respectively. The strain gauges were mainly positioned close to the weld seam, as
the stress-strain gradient increases when approaching the weld toe. This is why, in Table 3 the majority of strain gauge
readings refer to rext = 6.5 mm, distance which is a compromise between feasibility in strain gauge installation and
vicinity to the weld notch. As expected, the results show that the strain gauge readings for the heat-treated specimen
(Test-5) results in a decrease of an order of magnitude compare to the as-welded condition specimens.
Measurements obtained over a small arc of circumference (i.e. Figure 5), carried out using 0.6 mm grid length strain
gauges, allowed to evaluate the variation on the εRrr due to local weld bead geometry. Strain gauges have been
positioned in the furthest location respect the welding starting point to avoid any influence from the double thermal
cycle that the material undergoes in this area. The measurements obtained for different δ show a similar pattern, as
confirmed by the rather constant standard deviation. However, expecting in this location a constant εRrr over the hoop
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coordinate1, the variability can be mainly explained by the uneven geometry of the weld bead. A standard deviation
of 67% relative to the mean value of six strain gauges was found for δ = 5 mm. This demonstrates how, although
the region around the weld bead is interesting from a measurement standpoint, it is also most affected by the uneven
geometry of the weld notch. The irregular geometry further contributes to a non-axisymmetric residual stress field and
leaves residual stresses highly dependent on a parameter hardly controllable during the production phase.
Figure 6 shows a data processing of the as-welded specimens presented in Table 3. Specifically, relaxed radial strains
(εRrr) are displayed for three radial coordinates (i.e. rext = 6.5 mm, 9 mm, 13 mm) through mean value and standard
deviation. The four graphs illustrate respectively the four steps adopted during the cutting process and demonstrate
how radial relaxed strains globally increase, while increase the hole depth value. It is worth noting that the graphs are
presented on different scales as εRrr varies in magnitude, ranging from ≈ 10−4 for δ = 5 mm to ≈ 10−3 for δ = 20 mm.
Further important information resulting from Figure 6 lies in the symmetric consistency of relaxed strains. Indeed, it
is evident that all results present a fairly considerable standard deviation, indicating that the strain range and therefore
the stress range is most likely not axisymmetric. This outcome suggests that the welding process, and therefore the
stresses generated from it, are a strictly three-dimensional phenomenon. It is therefore important to pay attention when
the process is modelled based on a two-dimensional hypothesis, such as axial symmetry, plane stress or plane strain.
As a matter of fact, the goodness of the results is not known in advance and there may even be the chance of obtaining
non-conservative solutions. It is well known that the residual stress field increases when approaching a notch (i.e.
weld toe or weld root), as clearly detectable by using the hot spot stress evaluation methods on welded T-joint [13].
Despite this, relaxed strains have seemingly unusual behaviour, as can be seen from Figure 6. This characteristic trend
can be explained by considering two effects playing a role during the cutting process, a general bending and local
skin effects as shown in the cross-sectional view of Figure 7 . The incremental hole cutting at the bottom of the plate
allows the upper part to bend due to the release of residual stresses, therefore, stresses and strains decrease around the
weld seam. On the contrary, the weld bead shrinkage generates a skin-positive radial strain which increases closer to
the weld toe, generating a monotonous growing strain function as rext approaches zero.

10 mm

160 170 180 190 200
0

1

2

3
·10−4

θ(◦)

ε R
rr

(-
)

δ = 15 mm
δ = 10 mm
δ = 5 mm

Fig. 5. Strain gauge positioning on the plate surface (left) and relaxed radial strain measurements over angular coordinate (right)

The combination of these features produces the behaviour shown in Figure 6, specifically, for the depth of pass
up to δ = 15 mm the plate bending prevails while for δ = 20 mm the two effects stabilize leading to an increase in
the strain gradient in the proximity of the weld bead. Furthermore, the experimental data from Table 3 are presented
as a function of θ, as shown in Figure 8. For the sake of clarity, relaxed radial strain results belonging to similar θ
values (i.e. ±5◦) are grouped through their mean value for both ε and θ. Two different charts were adopted as a result
of the large variation in the data magnitude. For small δ values the measurement sensitivity might be blurred by the
background noise, as in some cases negative relaxed strain values have been calculated. Besides, for ease of reading,

1 The symmetric specimen’s geometry, material isotropy and the constant heat transfer during the welding process are supposed to result in a
constant residual stress behaviour
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the mean value of relaxed strains have been reported for different depths of pass through dashed lines. Again, it is
clear a εRrr variation over the hoop coordinate θ. However, in this case, a common behaviour between data can be
observed since εRrr slightly increases getting closer to the welding starting point θ = 0◦.

Table 3. Summary of experimental relaxed strains measurements in bold (µε) for the 100 mm diameter hole

Test-1 (as welded) Test-2 (as welded)

θ (◦) rext (mm)
δ (mm)

θ (◦) rext (mm)
δ (mm)

5 10 15 20 5 10 15 20

0 6.5 / 281 652 3299 0 9 99 262 538 993
0 13 / 298 482 408 90 6.5 18 137 298 3021
5 6.5 / 460 577 1114 90 13 75 220 456 500
90 9 / 233 440 2143 180 6.5 -5 95 256 1961
180 9 / 297 600 836 180 13 85 242 447 575
270 6.5 / 236 337 1360 270 9 60 222 296 466
270 13 / 294 274 270
275 6.5 / 248 307 760

Test-3 (as welded) Test-4 (as welded)

θ (◦) rext (mm)
δ (mm)

θ (◦) rext (mm)
δ (mm)

5 10 15 20 5 10 15 20

0 6.5 28 165 329 1556 0 6.5 92 182 366 /

30 6.5 65 184 332 1720 15 6.5 40 113 279 /

60 6.5 0 135 204 770 30 6.5 15 59 190 /

90 6.5 4 163 255 972 45 6.5 -4 12 129 /

120 6.5 12 148 224 1090 60 6.5 -20 -33 99 /

150 6.5 19 144 245 1496 75 6.5 -11 -34 107 /

180 6.5 13 145 285 1926 90 6.5 -12 -32 99 /

210 6.5 15 142 309 2281 165 6.5 51 66 190 /

240 6.5 7 113 262 2170 171 6.5 20 59 164 /

270 6.5 -3 109 260 2090 177 6.5 9 33 148 /

300 6.5 -17 96 190 1997 183 6.5 36 50 168 /

330 6.5 -32 85 49 564 189 6.5 78 122 250 /

195 6.5 27 79 190 /

270 6.5 9 99 202 /

285 6.5 14 93 202 /

300 6.5 26 124 221 /

315 6.5 53 94 181 /

330 6.5 87 132 251 /

345 6.5 148 222 400 /

Test-5 (annealed)

θ (◦) rext (mm)
δ (mm)

5 10 15 20

0 6.5 -4 -2 1 -279
30 6.5 -27 -28 -38 20
60 6.5 -37 -43 -54 -62
90 6.5 -12 -17 -11 492
120 6.5 -22 -30 -22 -29
150 6.5 -28 -42 -32 597
180 6.5 -31 -17 -7 386
210 6.5 -32 -33 -46 493
240 6.5 -23 -9 -23 205
270 6.5 -8 12 4 273
300 6.5 -10 2 -6 147
330 6.5 -2 -6 23 263
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The variation of data around the mean value can be explained by the inherent variation in the thermal load due
to the welding process. During welding, the stress and strain fields in the specimen are strongly non-axisymmetric,
resulting in behaviour after welding as the one shown in Figure 8. Besides, in the starting and ending point of the
welding process, the material is subjected to a double thermal process that leads the solution in that area far from the
one achievable by an axisymmetric model.
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Fig. 6. Relaxed radial strain over radial distance from the weld toe. The results are presented through mean value and standard deviation
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Fig. 7. Cross-sectional view of the base plate and weld bead with outlined the bending and skin effects due to the incremental cutting process
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The mean value are represented as dashed lines for each depth of pass δ

5. Conclusions

From the research carried out and from the results obtained it can be concluded that:

• the incremental hole drilling process allows obtaining an extensive number of measurements for every strain
gauge employed through parameters variation such as hole diameter and depth;
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• the highly stressed areas close to the weld bead can be reached by the appropriate application of properly
dimensioned strain gauges; ideally, the smaller the size of the strain gauge, the smaller the distance to the weld
notches that can be reached;
• strain gauge measurements clearly show that the welding process is a three-dimensional phenomenon; assume

the welding process as two-dimensional can be doubtful since in locations such as the welding starting point
the material undergoes an important thermal process more than once;
• residual stresses can be obtained based on a numerical model that represents the welding process and the incre-

mental hole cutting procedure; relaxed strains results can be used to calibrate the numerical model and obtain
more accurate residual stress results;
• experimental measurements of residual stresses are still challenging today because of the poor repeatability

of results; therefore, although residual stresses are very useful to have a broad comprehension of the state of
material after welding, a comparison with numerical or analytical data is still necessary;

It is possible to outline a feasible development regarding this experimental procedure. Generally speaking, residual
stresses can be computed by comparing experimental results with numerical or analytical models. The determination
of residual stresses is inherently indirect since the determination of another quantity is firstly needed. If required,
the value of residual stresses can be obtained by direct comparison of experimental and numerical measurements of
relaxed strains. A numerical model can be developed and fine-tuned by means of experimental data, thus to simulate
the welding process and the subsequent cutting process. Once the validity of the numerical model has been verified by
comparison with relaxed strain results, residual stresses can be directly calculated starting from the numerical model
itself. In this case, relaxed strains behave like the indirect parameter that needs to be measured to obtain residual
stresses.
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