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ABSTRACT

Steel structures are mainly prone to two typesegfraldation: corrosion and fatigue particularlyha t
case of welded structures. The presented work ainmvestigating two treatment methods to increase
the fatigue life expectancy of welded steel joiimtscivil engineering structures. It includes both
numerical and experimental investigations and ter@sted in the use of grinding and shot peening.
As far as experimental investigations are concerf@mdboth treatment methods and for untreated
samples, the stress concentration coefficientdatermined, surface residual stresses are measured
using X-ray diffraction and fatigue tests are cartdd. The results allow explaining for both methods
the observed improvements in fatigue behaviourfafsis numerical investigations are concerned, the
presented work concerns the use of a finite elemmenael to simulate welding process. This allows
the determination of residual stresses due to wgldperation and their comparison with the former
experimental measures. Results are satisfactorygbnand, though some improvements regarding
the initial stress state and the modelling aré wtitler progress, it should be used in a follovahgly

to model treatment operations to get a better wtaleding of their potentiality and the parametbad t
affect their efficiency.
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Manuscript text
INTRODUCTION

Welding in steel structures design is nowadayshst widely used assembly technology. In the case
of bridge structures, it has replaced riveting aolting since thirty years. It is well known théiig
kind of structure may be deteriorated because wbsmn but also of fatigue issuel.(In the case of
corrosion, specific maintenance actions are cugrésting done by owners to increase the life sdan o
their structures as painting operations for ingtai@milar actions could certainly be done coneegni
fatigue issues at the condition that the existingngthening methods are well mastered. It is theze
momentous to lead research works on the fatiguevedfled joints and the existing strengthening
methods.

This research work should focus on two main topld® first concerns the understanding of fatigue
mechanisms within welded joints. This is indeed tuéwo phenomena: the stress concentration at
the assembly singularities, and the existencesifiual stress created during the welding procdss. T
second one is linked to the different availablerggthening methods such as grinding, shot blasting,
shot peening, thermal treatment, etc 2). (8). It is important to understand the effect of eatlthis
method (on geometrical singularities and residiigdsses) and their efficiency depending on the
conditions during their application.

The present work focuses on two strengthening nalstiypically used in the industry to increase the
life expectancy of welded joints: grinding and speening. The aimed application is linked to bridge
or offshore structures and consequently the ledstigations concern materials and geometry
currently encountered in this domain. The firsttpiar dedicated to describe the experimental
investigations done on welded assembly before dted atrengthening. It includes fatigue tests,
residual stress measures, and geometrical meastinessecond part introduces a finite element
modelling approach used to simulate welding openatind to assess residual stress levels created
during the welding process.

EXPERIMENTAL INVESTIGATIONS

It was chosen to work on a geometry typically emtered in steel bridges. The chosen steel material
is S355 J2, the plate thicknesses are 15 mm, angetbmetry corresponds to a classical T-joint. The
welding process was the MAG one (Metal Active Ga#fen used for the realization of steel
structures. Most of the parameters of the weldiperations have been recorded and may be found in
(4). A single steel plate has been used during welderations in order to obtain similar samples
after cutting the plate. Welding operations werkda one way, using a single pass and one side afte
the other at a speed of 7.5 mm/sec. The final sesngéometry is similar to the one %) @nd is
shown on figure 1. The samples width in the midsll€00 mm, their length is 900 mm, and the height
of the additional plate is 100 mm.

FIGURE 1 Samples geometry and photo of three of the samples

Nine similar samples were realized: three havebeen treated, three have been grinded and three
have been shot peened. Grinding operations toate pa the weld toe and consistedrémoving
between 0.5 and 0.8 mm of the surface providingaosh final shape. Shot peening operations were
performed by the enterprise Metal Improvement Cam#IC).
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Geometrical measures

Geometrical measures were conducted to study themefeical influence of the different
reinforcement operations. Using silicon mouldswis possible to realize prints of the welding
profiles and to compare them using a 3D measuragcd. A stress concentration coefficient was
then possible to determine using the empirical tdenof 6). The given equation uses the weld angle
and the weld toe radius. The determined coeffisigrdre 2.49 for the untreated sample, 2.35 for the
shot peened sample, and 2.00 for the grinded saifipbeigh measures were only done on one sample
for each case, it is consistent with what is fosedeom each of the studied reinforcement method:
grinding seems to be the most adapted method txedthe stress concentration factor for such a kind
of welded assembly.

Residual stress measures

The residual stress measures were led by the esteddeliad using X-ray diffraction technique. It
was possible to measure residual stress profiteedb the weld toe (6 mm) and along 1 mm deep in
the steel plate using successive chemical abragierations. Measures were conducted on both sides
of the assembly, but no difference was seen. Thaired residual stress measures on one side of the
assembly are given in figure 2. Two measures weadized: longitudinal stress along the sample
direction, and transversal stress along the welection. A reference measure has been made on the
steel plate far from the welded joint to deterntine initial stress state before welding operatimak
place. It is important to note that the initialests state is not zero. Sanding and laminating tpasa
apparently created compressive residual stressesexfiected, welding operations create tensile
residual stress at the weld toe. Grinding operatiim not tend to decrease them as it only corigists
removing a small layer of material at the surfdtes interesting to note that it creates tensésidual
stress in the transverse direction due to the giirettion. On the contrary, shot peening operation
tend to create additional compressive residuabsti® close to the elastic limit of the steel materi
Shot peening operations tend to influence resigtats profile until a depth of 1 mm.

T T
-5p0 -400-+ -300

Thickness in pm
Thickness in um

—&— Untreated sample
— —8—Grinded sample
Shot peened sample
=O—Reference

—&— Untreated sample
" —8— Grinded sample

gﬁ Shot peened sample
1266

—O— Reference

Stress in MPa Stress in MPa

FIGURE 2 Experimental measur es of residual longitudinal stresses, on theleft, and transversal stresses,
on theright, for thethree samplesand thereference

Fatigue tests

Two fatigue tests were led on each kind of samigatetermine the improvement associated with the
reinforcement operations. Fatigue tests were cdedumder a constant stress range of 150 MPa, and
with a stress ratio R of 0.1 to be able to compghesobtained results with Eurocode dafa (t is
indeed explained in8f that R may have an influence on the obtainedydiatiresults. The used
frequency was 10 Hz. The first results are preseintefigure 3. As far as the untreated sample is
concerned, repetitive results were obtained ansketiaere close to the recommendations of Eurocode
where such a welded joint is classified in catedo®y’ 80. Two grinded samples and one shot peened
sample were tested, and none did fail for the mameatigue tests are still in progress for these
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samples. For both cases, the improvement in tefrfetigue life is thus superior to a multiplicative
factor of 10.

10000 T T I
A Untreated sample M Grinded sample Shot peened sample
—— Eurocode 3 Classe FAT 80 «— Eurocode 3 Classe FAT 200

1000 +—

AA e

Stress range in MPa

10
1,E+04 1,E+05 1,E+06 1,E+07 1,E+08 1,E+09

Number of cycles
FIGURE 3 First results of the fatigue tests

As far as the experimental investigations are corexE both reinforcing methods proved to be
effective to increase greatly the fatigue life estpacy of welded joints. The realized experimental
measures of residual stresses proved that weldodjfied the stress state within the steel plate
creating tensile stresses at the weld toe. Thaséeaetrimental for fatigue when associated with a
important stress concentration effect. The geowrsdtrneasure investigations allowed checking that
grinding was the most effective to reduce stresgentration while shot peening’s influence was
stronger on residual stresses on the top of tlet glate. Fatigue tests are still under way to carap
both reinforcing methods. For this specific cabe,improvement factor is superior to ten.

NUMERICAL INVESTIGATIONS

In order to get a complete understanding of th&eifit phenomena encountered during welding, a
modelling of welding operations has been carried Boe used method is based on finite element and
developed under the software Marc and Mentat fro®CMThis code proposes indeed specific
procedures to model welding such as the commandsDAEEUX, WELD PATH and WELD FILL.
The “birth and death” method is used to generamehts during welding, and the “double ellipsoid”
method is taken into account to model the heatrgdine.

Y

Studied
results

FIGURE 4 Mesh and zones of inter est
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It was decided to adopt similar hypotheses tha(®jrconcerning the ultimate temperature reached
during the welding operation (1200 °C) and the shapthe melting bath. As far as the steel plates
and the welding material are concerned, it wasd#ecto consider the same behaviour for both. The
considered material properties are the one of ag@ing in the database of Marc and Mentat. C22
material is really closed to S355 J20) It takes into account the dependency of the Y&in
modulus, the thermal expansion coefficient, thecigeheat, the thermal conductivity, and the ténsi
behaviour with temperature. The used mesh is shioviigure 4. The results are studied on point A
and B respectively corresponding to the first waehd to the second weld sides. The points are chosen
to be at 6 mm from the weld toe to be able to campamerical results to the experimental measures
made previously.

Temperaturedistribution
As points A and B are not within the weld zone (f6utmm from the weld toe), the reached
temperature is smaller than the ultimate tempegatfr the weld process. The evolution of the

temperature at both points is given on figure Talh be checked that the weld process is carried ou
one side after the other and that points A andeBeffectively affected by the weld process.

250

— Point A —Point B

wH- - — - — - — - — = — - — - - — - — - — - — - — - —

150 4

100

Temperature in °C

50

0

0 200 400 600 800 1000 1200 1400
Timeins

FIGURE 5 Evolution of the temperature during the modelling on points A and B

In order to check that the order of magnitude ofigerature results is consistent, one can study the
profile of the ultimate temperature within the @@®ction. This is given in figure 6. Zone |
corresponds to a temperature between 600 and 726t&€ of the austenitic transformation), Zone |l
corresponds to a temperature between 720°C and®@énd of the austenitic transformation). Zone
Il corresponds to temperatures situated betwee®d &d 1100 °C. Zone IV corresponds to
temperatures above 1100°C. The well-known Thern#figcted Zone (TAZ) may be defined as the
zones |, Il and IIl. It is situated between the waiffied steel material and the additional welding
material. Comparing temperature profile resultsilitnate state with a microscopic observation on
one of the sample, it is possible to check thah lapiproaches are consistent as the size of the #®ne
similar.

Zone 1 /:2; I

Zone 3 :

Zone 4 :

FIGURE 6 Comparison of the ultimate temperature distribution with cross-sectional observation
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Residual stress distribution

The determined residual stress distributions froemrhodelling are given on figure 7 on points A and
B for longitudinal and transversal directions. distbeen checked studying the other stresseshtsat t
two were the most significant by a multiplicativacfor of ten. It is important to note that initial
residual stresses (such as the one induced by ddngnor sanding operations) are not taken into
account. The obtained results are consistent vitibrcsimilar studies indicating that the modelling
process is satisfactor{l). Tensile residual stresses are created at theftihye steel plate by welding
operations (on a thickness of around 5mm for thdistl case). Though no clear difference could be
experimentally detected from the experimental messsuesidual stresses at point A (first side) seem
to be a little smaller than the one at point B.sTd¢vuld be explained by the fact that the weldifitphe
second side could actually thermally relax residiti@sses existing within the first weld path.

Thickness in mm
Thickness in mm

—— Vertical to point A —— Vertical to point B —— Vertical to point A —=— Vertical to point B

4
=16

Longitudinal stress in Mpa Transversal stress in Mpa
FIGURE 7 Residual longitudinal and transversal stresses at point A and B deter mined from the
modelling at points A and B in the thickness of the plate

Comparison with the experimental measur es

The obtained numerical residual stresses were camdpa the experimental measures made on the
untreated sample. Comparison is given on figurerBbbth longitudinal and transversal residual
stresses. The comparison is only led for the tgprlaf the steel plate on a thickness of 1 mm. The
observed difference between experimental and nealerésults may be explained by the existing
residual stresses within the steel plate betweddinge

©

o<

g
-200 200
-400 -

-400

— —600—

Thickness in pm
Thickness in pm
|
i

-800

— =1066—

—— Experimental measures —— Finite element point A —#— Experimental measures —#—Finite element Point A
Finite element Point B Finite element Point B

Stress in MPa Stress in MPa

FIGURE 8 Comparison of numerical and experimental longitudinal residual stresses on the left, and
transversal residual stresses on theright
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CONCLUSIONS

This work is the first part of a study dedicatedthe reinforcement methods of welded joints for
fatigue issues. It aims at understanding fatiguenpmena and studying the possible reinforcing
operations determining for each case quantitativ@rovement factors. The work associates
experimental and numerical investigations.

As far as experimental investigations are concertiegly consist in testing in fatigue untreated and
treated welded joints. In this article, two reirdiog methods are used: grinding of the weld toe and
shot peening. The first method proved to be effedid decrease the stress concentration factoedbas
on geometrical measures), while the second oneslasn to have a strong influence on residual
stresses ensuring the existence of compressiveatite top of the steel plate closed to the wedd t
(base on experimental X ray measures). Thoughfatigue tests are still underway, both methods
proved to be largely effective as they increasditbexpectancy by a factor superior to ten. lineb

be interesting in future investigations to stude #ffect of the parameters of each of these two
methods on the experimental observations made here.

As far as numerical modelling is concerned, th&t fiask consisting in modelling the welding process
is almost finished. Results proved to be consistetiit microscopic observations (thermally affected
zone) and qualitatively consistent with other stsdied on similar topics. The obtained numerical
stress values seem to be higher than the measnesd lmut some work is under progress to improve
the conditions taken into account. Besides, it heshoted that the initial residual stresses ajsti

the steel plate as shown by the X-ray measures wmradee reference plate are not taken into account
in the presented modelling. This can certainly akpksome part of the observed differences. Next
work will be interested in the modelling of the nfgircing operations such as shot peening for
instance. Some work exist on the topic, but no comapproach has been adopted soay (13).
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