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Abstract The present contribution shows the residual stress
results obtained from experiments with the sectioning method
in comparison to global (structural) welding simulation
models on component-like (i.e., large scale) I-girders made
of structural steel grades S355 and S690QL. Plates were
welded by conventional gas metal arc welding using two dif-
ferent heat inputs. In addition, the base material was assumed
to be approximately stress-free. Based on these results, con-
clusions and recommendations for the design of welded I-
girders are drawn.
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1 Introduction

High-strength low-alloyed (HSLA) steels are increasingly
used in modern steel constructions. Often, I-girders are used
for erection of those steel constructions. In this scope, flex-
ural and lateral torsional buckling modes are of great inter-
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est as design criteria for the load-bearing capacity. Their real
component behavior is closely linked to the imperfection
patterns which (to a large extent) result from the weld as-
sembly. In this, fusion weldings like gas metal arc (GMA)
welding or submerged arc welding (SAW) are the most ap-
plied welding techniques. In comparison to rolled sections,
welding offers the advantage of a tailored mixture of differ-
ent plate thicknesses to match load-bearing requirements as
well as economical aspects. On the other hand, welding
causes, e.g., residual stresses that favor premature yielding
in case of superimposed loads. Current design models that
incorporate the effect of residual stresses are based on
“robust” procedures fixed in common standards, e.g., in
Europe the Eurocode 3 (EC 3). However, the influence of
residual stresses seems somewhat overestimated for many
cases if comparing conventional structural HSLA steels like
S355 and, e.g., S690QL with increased yield strength. In
steel constructions, the maximum tensile residual stresses
are expected to always reach the yield strength of the base
material (more or less) regardless of the used steel grade and
the welding parameters. Adjacent parts are exposed to self-
balancing compressive residual stresses (which are the main
scope of this study). Thus, their magnitude is directly linked
to the extent of the area in tension which is estimated based
on geometrical properties such as the plate thicknesses, in
accordance to [1]. Especially in case of high-strength steel
S690QL, very limited experimental data is available for
realistic residual stresses that occur in typical I-girders used
in steel constructions. Hence, they should be derived from
real components. In this paper, such measurements are con-
ducted on component-like (i.e., large scale) [-girders by ap-
plication of the sectioning method, which allows determin-
ing residual stresses by partial sectioning of the component.
The results are compared against global welding simulation
models with a particular focus on the residual stresses.
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2 Materials and methods
2.1 Boundary conditions

The scope of this work is the evaluation of material influence
and typical welding parameters on the longitudinal residual
stresses in [-girder components used in steel constructions.
The weld fabrication was carried out under realistic conditions
by a local steel manufacturer. Two common high-strength
steels (S355 and S690QL) were investigated with different
weld heat inputs using metal active gas (MAG) welding with
commercially available filler metals G4Sil for S355 and
Mn4Nil.5CrMo for S690QL. The chemical composition of
the base materials (BM) and the corresponding filler metals
(FM) is given in Table 1. In accordance to the industrial prac-
tice, and additionally to EN 1011-1 and 2, the S690QL plates
were welded using a preheat temperature of 150 °C.

The used plates had thicknesses of 25 mm (¢z—thickness of
chord plates) and 15 mm (#,—thickness of web plates). The
dimensions were 150 mm for the chord plate width (b¢) and
220 mm for the web plate height (k). Total girder length was
1,000 mm. The applied welding parameters are shown in
Table 2. Summarized, four component-like I-shape girders
were welded. In accordance to Table 2, “S1” and “S2” repre-
sent the S355 girders with two different weld heat inputs as
well as “W1” and “W2” for the S690QL girders.

Plates were tack-welded before final MAG welding to min-
imize weld distortions. Subsequently, the longitudinal seams
(I to IV) were welded in PB (horizontal vertical position in
accordance to EN ISO 9447), using a weld tractor and by
consecutive rotating of the girder for each new weld seam.
The test setup and weld scheme are shown in Fig. 1. The weld
type is a single-layer fillet weld. The weld geometry and the
heat affected zone (HAZ) needed for the validation of the
temperature field in Section 4 were determined from metallo-
graphic macro-sections.

In industrial practice, the blanks of the sheet metal are
mostly prepared by thermal cutting procedures (e.g.,
flame cutting). Hence, weld seam similar tensile residual
stresses are induced in the flame-cut edge region due to
the thermal flame heat input. This also influences the final
residual stress distribution after welding. A beneficial

Table2  Welding parameters for girders S1 and S2 (S355) and W1 and
W2 (S690QL)
Welding parameter ~Girder no. Sl S2 W1 w2
Grade S35512+N S690QL
Welding current 1[A] 338 327 324 329
Arc voltage U [V] 334 334 337 337
Welding speed v [mm/s] 8.17 5.17 8.17 5.17
Weld heat input Q [kJ/mm] 1.39 2.11 1.34 2.14

effect on the ultimate load was reported in [2]. To avoid
a superposition of flame-cut-induced residual stresses, the
blanks were prepared by water jet cutting, though this is
not a typical edge preparation procedure. The effect of the
flame cutting process was investigated separately on com-
parable T-joints by use of different edge preparations. The
results were already partly presented in [3].

2.2 Residual stress measurement by sectioning method

The sectioning method is appropriate for use under laboratory
conditions as well as on the construction site due to its relative
robustness. This method has been used in the past to measure
typically longitudinal residual stresses in engineering compo-
nents. Thus, the girders were sectioned by a band saw into
small pieces (strips) perpendicular to the welding direction.
The sectioning causes the assimilation of residual stresses in
the remaining girder by elastic relaxation processes [4]. The
occurring elastic relaxation strains were measured by strain
gages. A typical setup of these strain gages can be seen in
Fig. 2. In Fig. 2a, “Top” means top surface and “Bot” bottom
surface of the plates. This denotation is used in the results to
distinguish between the different strain gage positions. The
strain gage positions were limited to a quarter of the I-girder
assuming an approximately symmetrical steady-state stress
distribution. This was a necessary simplified assumption but
was supported by the numerical simulations shown in
Section 4.

The strain gages were applied in longitudinal and trans-
verse welding direction (see Fig. 2b). This limits the spatial
resolution of the results to some extent due to the necessary

Table 1  Chemical composition of BM and FM (Fe—balance)

Grade Location C Mn Mo Si Al Cr Ti Nb \% P+S

S355 (J2+N) BM—Web plate 0.09 1.54 0.01 0.23 0.03 0.14 0.018 0.044 0.001 0.023
BM-—Chord plate 0.15 1.35 0.01 0.17 0.02 0.17 0.017 0.041 0.003 0.025
FM (G4Sil) 0.09 1.65 0.14 0.97 0.18 0.14 - - - 0.029

S690QL BM—web plate 0.14 1.15 0.16 0.30 0.04 0.30 0.009 0.002 0.016 0.013
BM-——<hord plate 0.13 1.20 0.14 0.30 0.05 0.24 0.011 0.020 0.031 0.012
FM (Mn4Nil.5CrMo) 0.09 1.38 0.55 0.46 <0.01 0.21 0.021 0.001 0.001 0.020
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Fig. 1 Test setup for weld manufacturing of the I-girders

space for application of the strain gages in two perpendicular
directions. Based on the measured (strain) values, the longitu-
dinal residual stresses were calculated using Eq. 1. Probably,
the analysis can be further simplified for future investigations
by the assumption that transverse strain is negligible.
Longitudinal residual stresses (by sectioning):

Ux=—1_ivz-(€x+1/-€y) (1)

where, o is the calculated longitudinal residual stress (in
MPa), € is the measured relaxed elastic strain (dimensionless).
The index “x” indicates the longitudinal direction in direction
of the weld seam and index “y” the transverse direction.
Hence, ¢, in Equation 1 is the measured longitudinal strain
and e, the transverse strain. £ is the Young’s modulus
(2.1 x 10° MPa) and v is the Poisson’s ratio (0.3) for low-
alloyed steels.

Fig. 2 a Location of strain gages
for sectioning method. b
Remaining sectioned part after
two-sided sectioning
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Fig. 3 Comparison of measured (sectioning) residual stresses, lef side:
girders S1 and S2 (S355), right side: girders W1 and W2 (S690QL)

3 Results and discussion
3.1 Residual stresses after sectioning

The sectioning results of the S355 and S690QL showed quite
similar residual stress distributions independently of the heat
input and the steel grade (see Fig. 3). The variation of com-
pressive residual stresses through the thickness seems gener-
ally somewhat increased for the S690QL. This can be seen
from the comparison of values on the “Top” and “Bot” sur-
faces. The average (i.e., of “Top” and “Bot” surfaces) was,
nevertheless, found more or less comparable. A comparatively
small effect of the weld heat input (indicated by the indices
“1” and “2”) was noticed in case of the magnitudes of the
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Table 3 Tensile test results for

S355 and S690QL base materials Grade Girder Location Rey in MPa R, in MPa Ain %
S355J24N (25 mm) S1, 82 Chord plate 463.9 571.8 27.9
S690QL (25 mm) W1, W2 Chord plate 8313 864.9 18.4

compressive residual stresses. Similar tendencies were noticed
in the web plate. Hence, only the chord plates are dealt in the
next sections. Recently, a firm conclusion in terms of tensile
residual stresses can be hardly drawn due to the limited num-
ber of data points. A superposition with locally measured re-
sidual stresses (by application of mobile X-ray diffraction—
XRD) may help to increase the model quality. Nonetheless,
the accessibility of the HAZ restricts local XRD measure-
ments (as it is covered by the parallel flanges/chord plates
even in large-scale I-girders). For this purpose, the web plate
was cut in longitudinal direction close to the fillet welds and
the remaining section had been used for final residual stress
measurement by XRD. Results were already presented in [5].
However, compressive residual stresses (in the weld seam far
region) did not change significantly in case of superposition
with those stresses determined by XRD. As a result, only the
residual stresses were considered in this study that had been
determined by the sectioning method. Figure 3 shows the
measured residual stresses by the sectioning.

Captions in Fig. 3 are in accordance to Table 2, where
numbers “1” and “2” indicate the weld heat input
irrespectively of the material. For the steel grade identifica-
tion, the letters “S” and “W” indicate the material condition
(S355 and S690QL, respectively). In addition, these values
represent the residual stress condition at one half of the chord
plate’s width (in accordance to the strain gage positions in
Fig. 2a).

3.2 Residual stresses normalized to respective yield
strength of S355 or S690QL

For further comparison of residual stresses, the mean values of
the yield strengths of chord and web plates were determined
from tensile specimens. The results are given for the chord
plates exemplarily in Table 3. For further contemplations, the
(upper) yield strength (R.p) is normalized to “1” (100 %) for
comparison of its relevance in the S355 and S690QL.

As shown in Fig. 4, it was noticed that normalized stresses
of the S690 were approximately one half (50 %) of the corre-
sponding values of the S355. This implies that the S690QL (in
comparison to the S355) is beneficial on both: (first) an in-
creased load capacity due to the generally increased strength
and (second) a significant decrease of importance of the lon-
gitudinal residual welding stresses. Nevertheless, experimen-
tal data were limited to some extent due to large and complex
efforts for sectioning of the girders. For this reason, the results
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were supported by numerical results. Those are presented in
the following section.

4 Numerical welding simulation

The specific calculation in this study was carried out using a
specialized software tool (Simufact.welding, 5.0.0). The mod-
el (shown in Fig. 5) uses horizontal symmetry about the web
plate center axis. Strictly speaking, that would require that the
opposite weld seams would have been to be welded simulta-
neously in the experiment. Although that was not the case, this
assumption appeared to be adequate in terms of the calculated
residual stresses (which are the focus of this study). This is
explained by the distance of opposite fillet welds (due to the
web plate heigt) and was already verified by simplified 2-D
modeling on the full section as well [6]. On the other hand, the
weld distortions cannot be fully adapted using symmetry con-
dition compared to the real configuration. This refers to the
incline of the web plate and the bending deformations which
are both influenced by the weld seam sequence (e.g., parallel
or subsequent welding of opposite fillet welds).

The length of the model was reduced to a minimum of
200 mm that was necessary to create steady-state stress distri-
bution in the center region of the girder model. In addition, no
gap between the chord and web plate was modeled due to its
small influence in terms of the overall distribution of residual
stresses. The minimum element edge length was 1 mm. Weld
seam far region was meshed by six and four elements for the
corresponding thicknesses of the chord and web plate, respec-
tively. Element types are assigned automatically by the
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Fig. 4 Normalized longitudinal residual stresses in chord plate of girders
S1 and S2 (S355) and W1 and W2 (S690QL)
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Fig. 5 Reference model used in Simufact.welding

software, i.e., 8-node heat transfer bricks were used for the
thermal analysis (MSC.MARC, element 43) and 8-node
isoparametric bricks for the mechanics (element 7). The total
element number was 565.000. Weld heat input was modeled
using the Goldak heat source model. The geometric parame-
ters of the source distribution were calibrated. Time stepping
was adaptive (variable time steps chosen by the software).
Pause times between welds were simplified. The material
properties from the software library were used as S355J2G3
and S690QL. Single phase (SPM) and multi-phase (MPM)
models were used for comparison on both materials. The
stress-strain behavior was scaled uniformly according to the
data from tensile tests given in Table 3. The results are given in
the subsequent Fig. 6 (for “low” weld heat input, “1”) and
Fig. 7 (for “high” weld heat input, “2”). Where, “PT” (in
brackets in the diagram’s legend) indicates the consideration
of phase transformation effects (austenite decomposition).
Again (and in accordance to Fig. 2a), in the subsequent fig-
ures, “Top” means top surface and “Bot” bottom surface of
the respective chord plate.

(7))

Longitudinal stresses in MPa —a

1N Top
—— Bot
—————— Top(PT)
—————— Bot(PT)
O Top(Exp)
O Bot(Exp)

"~ 150
-75 -60 -45 -30 -15 0
Distance to chord plate center line in mm
Fig. 6 Residual stress results for girders with low weld heat input S1 (S355) and W1 (S690QL)

15 30 45 60 75

From Figs. 6 and 7, a sufficient correlation with experimen-
tal data can be noticed. It should be considered that the exper-
imental sectioning data represent “global” stresses that were
released throughout a certain volume. Thus, the agreement
was evaluated on average. In addition, the S690QL results
are assumed to be sensitive in terms of phase transformation
(PT) effects. These tensile stresses (calculated with MPM)
were partially significantly reduced in comparison to those
values calculated using SPM. However, this is mostly a local-
ized effect (as shown in Fig. 8). In contrast, S355 was minor
influenced by this effect. This can be explained by the reduced
yield strength of the S355 at the corresponding phase trans-
formation temperature (which is important in the HAZ). The
calculated compressive residual stresses seemed to be compa-
rable irrespectively of the examined steel grade. Identical be-
havior was noticed in the experiments (“Top(Exp)” and
“Bot(Exp)” curves in Figs. 6 and 7). Considering those PT
effects, the compressive stresses were additionally (but only
slightly) reduced in case of the S690QL.

Finally, the numerical model improved the understanding
of the sectioning method results. By comparison of the tensile
areas, one could see that this zone (in conjunction with so
called plastic zone) was narrowed. This is due to the increased
yield strength of the high-strength S690QL grade despite of
similar further conditions (i.e., identical temperature field).
The borders of this zone can be roughly estimated based on
respective temperature isotherms. In general, temperature dif-
ferences to cause plastic straining are greater, the higher the
yield strength and the lower the Young’s modulus and the
thermal expansion coefficient (Young’s modulus £ and ther-
mal expansion coefficient o« were approximately the same in
the models). This explains the increased thickness gradient in
case of the 690 MPa steel (see also Fig. 3). This caused a
relative reduction of tensile residual stresses if those were
averaged by the thickness (compared to the S355). The same
behavior also applies for cases with PT effects. Their

=
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— Bot
—————— Top(PT)
—————— Bot(PT)
O Top(Exp)
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Fig. 7 Residual stress results for girders with high weld heat input S2 (S355) and W2 (S690QL)
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consideration, however, provides the additional influence that
the magnitudes of tensile residual stresses generally remain
moderate in a material with high yield strength. This is the
case if a material favors low temperature transformation of
austenite [7]. This can cause a further reduction in terms of
residual stresses normalized to the yield strength.

5 Conclusions

In this study, weld-related residual stresses in component-like
I-sections were presented. The results showed the generally
decreased importance of longitudinal residual welding stress-
es in case of the high-strength steel S690QL. The following
conclusions can be drawn from this study:

» It was experimentally proven that compressive residual
stresses are comparable for S355 and S690QL in terms
of absolute values. By the comparison of different welding
parameters, the influence of the weld heat input in case of

wi 800
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200
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-100
-200
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Longitudinal stresses in MPa

-75 -60 -45 -30 -15 0 15 30 45 60 75
Distance to chord plate center line in mm

MAG was evaluated as well. A higher heat input caused
somewhat increased residual stresses. Nevertheless, in-
creased differences are expected in case of high heat input
welding procedures like SAW.

» If the appearing residual stresses are related to the mate-
rial’s yield strength, this ratio was remarkably different for
both investigated materials. This shows that the S690QL
is more favorable, which also implies a necessary adjust-
ment of the recent classifications in EC 3 (for calculations
of the load-bearing capacity). This assumption was sup-
ported by global welding simulation models which also
considered PT effects.

* The developed numerical model was able to reproduce the
residual stresses in the components well compared to ex-
periments. However, the computational and modeling ef-
forts are still in a less practicable range. Nonetheless, the
models are very useful in terms of interpretation of the
(experimental) results due to a typically limited number
of experiments for the determination of residual stresses.
This is important in component-like specimens and even
in case of real components.

W1-PT 800
700
(S690QL-MPM) ggg
400
300

200
100

-100
-200

Fig. 8 Comparison of residual stresses in MPa of S690 using SPM and MPM, exemplary for low weld heat input indicated by “1”
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* A noticeable transformation effect was observed on-
ly for the S690QL. In this case, the compressive
residual stresses were also influenced. The change
of these values was comparatively small. As an ap-
proximation for reliable and safe-welded girders,
(compressive) residual welding stresses could be cal-
culated without PT effects as well. In addition, a
calculation without PT effects was also suitable for
the S355 in terms of the weld seam close (tensile)
residual stresses.
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