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1. ABSTRACT

The present work examines the behavior of weldédilénr connections made of high
strength steel, subjected to extreme loading cmmditwith emphasis on their low-cycle
fatigue performance. This work is part of a largeearch effort which consists of two
main parts. In the first part an experimental itigagion of ten (10) tubular X-joints
made of high strength steel is conducted. Experiah¢esting has been designed in order
to examine the joint behavior under axial, in-plané out-of-plane monotonic and cyclic
loads, at loading levels well beyond the elastigime. In the present paper, the
experimental performance of two (2) tubular welgdts subjected to strong cyclic out-
of-plane bending loading is examined.

The second part of the work consists of a numercallysis, aimed at simulating the
experiments and performing a parametric study. dWerall joint behavior and local
phenomena that take place at the weld toe are ateduland the simulation results are
compared with the experimental findings.



2. INTRODUCTION

The performance of welded tubular joints under icyidading has been numerically and
experimentally examined by many researchers. Thstieyg design guidelines (e.qg.
CIDECT [1]) as well as the majority of experimentabrk refer to the analysis and
design of these joints under high-cycle fatiguading and only limited research effort is
focused on the examination of the low-cycle fatigaeeformance of those joints [2], [3],
[4]. In addition, no information is available folne low-cycle fatigue of tubular joints
made of high strength steel.

In the present paper, the experimental performaricavo (2) tubular welded joints
subjected to strong cyclic out-of-plane bendingdiog is examined. Furthermore, a
detailed finite element model of the joint is deydd in ABAQUS. The weld region of
the joint is modeled considering different maten@bperties in this area. Several
plasticity models are employed to simulate the nmtebehavior, and the model
parameters are properly calibrated based on uhiax@anotonic and cyclic material
coupon test results.

The overall joint behavior and the local phenomantne weld toe are simulated and the
simulation results are compared with the experiaddintdings. Special attention is given

to the evaluation of the stress and strain fietdbh@ so-called “hot-spot” locations. Stress
concentration factors are calculated and compartdtire proposed values found in the
literature. Cyclic plasticity phenomena such asabeumulation of plastic strains at those
points are also examined.

3. EXPERIMENTAL WORK
3.1 Specimen details and setup geometry

The experiments are conducted at the Universitflodssaly. Two (2) X-joint tubular
specimens are considerdeéld. 1) with overmatched and undermatched welds, sulgecte
to out-of-plane bending (OPB). The welds of thenf®i have been manufactured
according to the provisions of AWS D1.1/D1.1M:200Hour-point bending is applied to
the braces of the specimens through a steel cems-lwith two special ball-joint hinges
and appropriate wooden grip assemblies. Both ehd#lseospecimen are supported on a
double-hinge ‘roller system. The moment lever am@ated by this configuration is 830
mm. The nominal cross-section for the brace is G3SMx10 and for the chord is
CHS355x12. Details of the overall geometry, loadiggtem and instrumentation for the
OPB tests are shown kig. 2.

Strain gages are placed at critical locations t@suee the specimens’ deformations.
More specifically, uniaxial 5-element strip gagee attached to the top of the chord
(hoop direction) with the closest being 5 mm awayrf the weld toe (chord saddle) to
study the concentration next to the weld. In additiwire position transducers and
DCDT'’s are used for load-point displacement andosupdisplacements measurements,
respectively.
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Fig.1. Specimen geometry for the OPB tests.
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Fig.2. Test setup, loading system and instrumentatiothi®iout-of-plane bending tests.

3.2 Experimental results

The joint is first subjected to a monotonic bend®@B loading equal to 100 kNm and
subsequently the bending load was cycle®a0.1landM __ =93.4 kNi. The moment vs.

deflection diagram of the X-tubular joints with thendermatched weld for specified

number of cycles indicates a rapid degradation acwimulation of deformations after

the 18" cycle, as shown irFig. 3a). The specimen with the undermatched weld
conditions failed after 240 loading cycles, whike specimen with the overmatched weld
under the same loading conditions failed after 296les, showing a rather similar

behavior with slightly lower fatigue strength. Bothilures due to low-cycle fatigue

occurred at the weld toe area, as showrign 3(b).
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Fig.3. (a) Maximum bending moment vs. load-point deflaetturves, (b) Cracked chord
at the weld toe.

4. NUMERICAL SIMULATION
4.1 Material modeling

The actual yield stress of the TS590 steel matesigld6 MPa and the corresponding
material stress-strain curve from tensile testssiael coupon specimens is depicted in
Fig. 3. It is worth noticing that the measured materi@lgistress is 26.4% higher than

the nominal value resulting to a significant in@eaf the carrying capacity of the joint.

The simulations presented are based on the actitatial properties (not the nominal).
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Fig. 3. Uniaxial steel material stress-strain curve.

4.2 Finite element model

The numerical model used represents the actualndiimes of the welded joint. The weld
geometry has been modeled as a separate part,degrdo the provisions of the
Structural Welding Code AWS D1.1/D1.1M:2004. Thitows for the application of
different material properties in this region of #@ecimen in order to examine the effect
of overmatching or undermatching weld conditionstloa structural performance of the
joint.

The model is developed in ABAQUS and uses 20-nodaddratic, reduced integration
solid elements (C3D20R) for the chord and the welgion, whereas 4-noded solid
elements (C3D4) are used for the brace. Moreokernmtesh size is denser near the weld
region in order to provide accuracy in the simolatiresults and time-effective
simulations. Only half of the joint is modeled, itak advantage of symmetry and
applying the appropriate symmetry conditions. Tloalel is shown irFig. 4.

(a) (b)
Fig. 4. Numerical model developed: (a) General view (b)dVegion.



S.FINITE ELEMENT RESULTS

The numerical results have been initially obtainesihg a material model of, Jlow
plasticity with isotropic hardening. The joint geetry was modeled according to the
nominal dimensions of the tubular members. In campa with the corresponding test
results, it is observed that the numerical modelewestimates the joint strength. The
reason is that the chord thickness is not unifolon@g the perimeter due to the
manufacturing process and may vary up to 10% basedctual measurements on the
tested specimen. Therefore, for improving the satioh results, an equivalent uniform
thickness of the chord is adopted maintaining astaont outer diameter equal to 355 mm.
As displayed irfFig. 5, the predictions of the numerical model in thesetarange can be
numerically represented quite accurately, if aniejant uniform thickness of 12.5 mm
is adopted for the specimen chord. The main diffegebetween tests and analysis with
increasing displacement is that according to nurakresults, inelastic behavior initiates
earlier than in the experiments. This results difeerence of about 4% in the maximum
load capacity (displacement equal to 52 mm).

The stresses and strains measured on the chordeojoint are mainly in the hoop
direction as shown by both the experimental anderigal results. This is an indication
that the difference in joint capacity between testd analysis is attributed to possible
variation in the adopted material properties in lwp direction. To investigate this
effect, an anisotropic material model is used, &dgpa Hill formulation of the yield
surface. Considering an increase of the yield gtrem the hoop and through-thickness
directions equal to 5%, the simulation results apph the measured values. For the
precise identification of the material anisotrogy,number of ring crushing tests are
programmed, and based on these measurements, thgamaodel including material
anisotropy will be updated.

280

260

240

220

200

180

160

140

Load (KN)

120

100

80

) "; .
40 /
S

20

Test data

~~~~~~~ t=12.5 mm anisotropy

- = t=12.5mm

- - =t=12mm
0 T

0 10 20 30 40 50 60

Displacement (mm)

Fig. 5. Comparison of the numerical and experimental mdlisplacement curves.

The stress concentration factor (SCF) has been ealatuated for the nominal chord
thickness of 12 mm. According to CIDECT No. 8 [fje corresponding SCF for the
joint under consideration is equal to 9.82 and adiog to Wordsworth and Smedley [5]
it is equal to 10.25. According to the numericadules, the evaluated SCF is equal to



11.79 if linear extrapolation is used, as presemteHig. 6. The predicted value is in
reasonable agreement with the one proposed by Worttsand Smedley [5].
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Fig. 6. SCF evaluation.

Towards better understanding of chord deformatiearrnthe weld toe, the deformed
chord geometry is presentedhig. 7, which corresponds to a joint section at the chord
middle plane. The concentration of plastic deforomatnear the weld-toe area is
significantly higher than the one located at thédwed the joint, so that the location of
cracking initiation at the weld-toe is verified.

Several check points (C.P.) have been introducekerbrace and chord part of the joint,
as illustrated irFig. 8. It is noticeable that when bending loading is aguplthe brace
part of the joint (C.P. 1) as well as the chord pary close to the weld toe (C.P. 2) are
always in tension. In C.P. 3, which is located ti fcom the weld toe along the hoop
direction in the chord, the material initially exmmces tensile strains which
subsequently change sign and become compressmiasstis the bending loading is
increased. Between this location of the chord &wedchord top (C.P. 4 and 5) the strains
are always compressive. This indicates that there isignificant change of chord
curvature near the weld toe region.

() (b)
Fig. 7. Mid-span section (a) Deformed chord geometry (l@JdAtoe region.
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Fig. 8. Strain values at various check points.
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ITEPIAHYH

H mopovoa epyoacio e€etdlel T CUUTEPIPOPE GVYKOANTAOV COANVOTOV KOUP®V omd
yéAvBo VYNANG AVTOYNG TOL VIOKEVTOL GE OKPOieC GUVONKES POPTIONG LLE ELPOACT] OTN
GULUTEPLPOPE. TOVG GE OMYOKLKMKN kOmwon. H mapovoa epyoacio sivor pépog pog
eVpOTEPNG EPEVVNTIKNG epYyaciog mov omotedeitar omd dvo pépn. To mpdto pépog
neplapuPdvel mEPOUATIK peAETN TG ovumeppopdc oéka  (10) ocvykorAnuévov
COAMVOTOV KOuPov popeng X oamd ydivpa vynhng avtoyns. Ta mepdupoto Exovv
oyedlaoTel pe okomd va peretnOel n ovumeP1Popd Tov KOUPOL GE HLOVOTOVIKY 0EOVIKNI 1
KOUTTTIKN @OpTioT (EVTOG Kol €KTOC TOL €mmESOV Tov KOUPov) Ommg emiong Kot
avakvkACopevn avtiotolyn @OpTIoN O EMmMEdO TEPA OMO TO OPlO  EAOGTIKNG
CUUTEPLPOPAG. XTIV TOPOVGO. Epyocia Tapovsldaletal | cvopmepipopd dvo (2) koupwv
OV VIOKEVTAL GE 1oYLPT KUKAIKT KAUYN EKTOC ETTESOV.

To dedtepo pépoc g epyaciog avaépetal 6e aplOUNTIKY OVAAVOT TPOGOUOIMONG TOV
TEWPAUATOV Kol Topapustpikn pekétn. H cuvolkn copmepipopd tov kdupfov kabhg kot
TOTKGL POVOUEVO IOV AAUPEvOVY YDpo 6TOV TOO TG GLYKOAANGNS TPOGOUOLDVOVTUL
KOTAAANAOQ KOl TO. OTOTEAEGLOTO TNG TPOCOUOIMGTG CLYKPIVOVTOL UE TO TEPUUATIKA
OTOTELEGLOTOL.



