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Abstract

Fatigue tests were carried out on welded circular hollow section K-joints typical to bridges. The tests specimens were large-sc:
(approximately 9 m long and 2 m high) trusses loaded in the plane of the truss. Measured member stresses showed that a significant propo
of the load in a truss member may be due to bending, underlining the impertd considering correctly this load case in the design of these
structures. Measured hot-spot stresses in the joints were compared with hot-spot stresses calculated using the current design guidelines. |
found that the measured values are considerabbgidhan the calculated values, calling into stien the applicability othe design guidelines
to these typesfqbridge) structures.

The S-N fatigue results from the current study, on the other hand, showed that the fatigue resistance of the joints that were tested is lo
than the correspondin@-N design curves. This means that when the considerably higher calculated hot-spot stress range is applied to t
corresponding design curve, the predicted resistance is similar to the resistance predicted using the lower measured hot-spot stressamin combi
with the lower measure8-N curve too. This has highlighted the importance of relating hot-spot stresses to the appropriate, correspdnding
curves.

Evidence from the fatigue tests helearly demonstrated the effect of size on the fatigue strength of welded tubular joints. A comparison
of fatigue S-N results from smaller and larger welded circular hollow section (CHS) joints has shown the same trend indicated in desig
specifications: a thicker failed member results in a lower fatigue strength. The size correction factor integratedSnbd design curves of
the sgecifications, however, does not seem to represent this significantjefdgt In light of the size effect results presented in this paper bad t
major influence of this effect on the design of welded CHS joints in general, it is recommended that a soundly based solution witB-thrgeted
curves and a representative size effect should be sought.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction their use—in particular with spect to the corgction between
members—more feasible and competitive.

In search of new and innovative bridge designs, engineers The fatigue behaviour of welded CHS joints is a well-
and architects are employing structural members in configurgmcognised problem in the design of tubular truss structures
tions previously considered prohibitively complicated and untnat persists in many domains. Significant work has gone into
economical. Tubes or circular hoIIow_sec_tions ((_ZHS) are eXthe development of design methodologies and guidelines for
amples of members that are becoming increasingly populaghe tatiguebehaviour of welded tubular joints. The majority

New cuttng, preparation and fabrication techniques are making¢ s work has been carried out with an emphasis on tubular
structures in the offshore industr§+3.

* Corresponding author. Tel.: +41 44 823 4339; fax: +41 44 823 4455. In comparison with offshore structures, CHS truss bridges
E-mail address: ann.schumacher@empa.ch (A. Schumacher). exhibit several differences with respect to the welded tubular
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Fig. 2. Truss girder, generabofiguration and dimensions.

joints: joint geometries, member dimensions (both absolute andnvestigations on large-scale specimens, the majority of the
reldive), the loads affecting the joint, and joint fabrication tests on hollow section joiatcarried out to date have used
procedures. When used in the design of CHS truss bridgeisolated joints subjected to simplified loadir@+LJ. The tests
current design specifications based on the work done fopresented here belong to a relatively small group of tests of
the dfshore industry 4,5] were found to be incomplete and this size and condiuration. The main aims of the experimental
prohibitively conservative. Tubular bridge member dimensiongnvestigation were to measure strains in the truss members in
chosen according to static requirements—as is the procedupgoximity to the brace—chord wetlintersection, and to obtain
most commonly used in bridge design—will often fail the constant amplitude fatigue test results in the formSN
subsequent fatigue verification of the joints. data and fatigue crack measurements. Comparisons between
Two main reasons can be identified and are illustrated irPredicted values calculated ogithe existing guidelines have

Fig. L The fatgue design stresshons, calculated for CHS ~ @lso been made.
bndge 10|nt§ using er_np|r.|cal parametrlc equ.atlo_ns found |n2_ Description of specimens and tests
design specifications, is high, typically two to five times higher
than the nominal stres&onomi, in the tuss members. When
the design stress is applied to correspondiighs—N design
lines, a futher correction is made depending on the wall  Ejght planar CHS truss girders were tested under static
thickness;T;, of the fatigue critical member (chord or brace), and dynamic loadFig. 2 shows thegeneral configuration and
which can, in many cases, translate into a further penalty to th@imensions of the truss gir@r By testing the joints in a
fatigue resistace of the joint. truss onfiguration, it was possible to simulate a realistic load
In order to address some of these problems, large-scakituation. Each truss consisgt®f four welded CHS K-joints
tests were carried out to obserandquantify the behaviour along the bottom chord. Connections between the braces and
of welded CHS K-joints under predominantly fatigue loadingthe top dord, a plate girder, were made using bolted end plates.
[6,7]. Due to the difficulty of performing experimental fatigue Due to the location of load application at the centre of the top

2.1. Specimens
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Table 1

Testserieshominal values and bridge dimensions

Series (joints)/bridge Pararnee Nominal dimensions (mm) 0 B y T Weld
Chord Brace ©) (d/D) (D/27) t/T)

S1(1,23,47 Ref. 273x 20 1397 x 125 60 0.51 683 0.63 FP, BR

S2(1,2,34) Back. ring 273x 20 1397 x 125 60 08 6.83 063 FP

S3(1,23,4) Scale 168 x 125 889 x 8 60 0.53 673 0.64 FP, BR

S4(1,2,34) Weld mpr. 273x 20 1397 x 125 60 0.51 633 0.63 FP, BR, WI

Aarw. 1997 - 273 20 1397 x 125 45 0.48 41-5.6 0.40-0.78 FP

Lully 1997 - 508x 25-50 267x 11-25 60 0.53 5.1-10.2 0.44-0.50 FP, BR

Dattwil 2001 - 508x 50 267x 11-25 60 0.53 5.10 0.22-0.50 FP, BR

FP: Full penetration weld; BR: Backing ring; WI: Weld improved.
231, for example, refers to test series 1, whitcludes four joints: S11, S12, S13 and S14.

chord, the two central K-joints were subjected to the highesi5°. In this way a tilly penetrated weld could be applied
loads and were thus the critical fatigue details. This centratontinuously around the brace—chord intersection. A flux cored
portion, comprising two CHS K-joints, four braces and onearc weld process using covered electrodes in accordance with
continuous chord, will be referred to as the specimen. OncdWS A5.20:E71 T-1 was used for all specimens.

testing of a particular specimen was complete, it was unbolted, For series 1, 3 and 4, backing rings (analogous to backing
removed and the next specimen was moved into the truss.  bars for plated joints) weresed for the brace—chord weld.

A total of four test series with two specimens each—thusThe backing rings provide a surface against which the initial
four CHS K-joints per sees—were carried ouTable lliststhe  weld pass came made. This method of fabrication was also
test series and gives details for each series: nominal dimensionsed for the Lully and Bftwil bridges (seflable ) and was
of the CHS K-joints, non-dimensional joint parameters, weldthought to facilitate the welding procedure and help ensure
type (with or without backing ring) and (with or without) a fully penetrated weld. In series 4 the test joints were post-
weld improvementFor brevty, Table 1lists nominal member weld treated by needle peening following the recommendations
dimensions for each seriesn lsubsequent analysis and in [11]. The aim of the test series was to investigate the
calculations, however, the measured dimensions were useplositive influence of post-weld treatment on a region of the
The nominal non-dimensional joint parameters were similajoint particularly susceptible to fatigue cracking. The treatment
for all four testseries. Also shown ifTable 1are the nominal was apfied to fully fabricated specimens at the chord crown
dimensions used in welded CHS K- and KK-joints of threetoe region at the s of the tensin brace from the gap to the
exiding welded tibular truss bridges. It can be seen that thesaddle, on both sides of the brace, as showRim 3.
non-dimensional parameters of the specimens are similar to the

non-dimensional parameters of the bridges. 2.2. Measurements
In order to avoid overlap of the brace members and to _ _
facilitate welding in the gap region, a positive eccentricity, Strain measurements on teusiembersvere taken during

was accepted between the brace and bottom chord axes (reféhte static tests. Brace and chord members were equipped with
to Fig. 2). The eccentricity of a K-joint can be defined as theuni-axial electrical resistancgtrain gaiges at locations away
vertical distance between the chord axis and the intersectioffom the joints. Gauges were psned in pairs, at either two
point of the two brace axes. In the case of zero eccentricity9r four points on a cross-section. Strains in proximity to the
the brace axes intersection and the chord axis coincide. Fdrace—chord weld intersectiothat is, hot-spot strains, were
a positive eccentricity the brace ex intersection falls below measured with various types of gauges: uni-axial strain gauges,
the chord axis, while for a netiae eccentricity the brace axes uni-axial strip gauges, rosettemnd strip rosettes. The gauges
intersection falls above the chord axis. Although a nominalwere placed at specific joint “hot-spots”, that is, locations at
eccentricity ofe = 438 mm was specified for all specimens, the brace—chord intersectiorhere cracks were more likely to
fabrication tolerances resulted in slightly variable eccentricitiegnitiate under fatigue loadinglhe typical gauge arrangement
betweerjoints. used inthe tests is shown iRig. 4

The material used for the truss members is a hot finished A sewnd technique was used to measure strains in the
steel of grade S 355 J2 H conforming to EN 10210-1:1994oints. The pupose of these measurements was, on one hand,
and EN 10210-2:1997. This refers to a weldable steel with 40 verify the strains measured with electrical resistance strain
minimum tensileyield stress,fy, of 355 N/mn? (for nominal ~ gauges and, on the other hand, to obtain a more complete
thicknesses<16 mm) or 345 Nmn¥ (for 16 mm < nominal  picture of the strain evotion immediately adjacent to the
thickness<40mm), and a minimum ultimate tensile stres$,,  weld toe. To achieve these two objectives, a method based
between 490-630 Nnn? at 22% elongation. The minimum on optical irterferometric techniques, specifically speckle
toughness of the steel is defined by 27 3-20°C. interferometry, was adopted. Unlike strain gauges that give

Brace members were cut to fit the outer contour of the chordneasurements at discrete pginspeckle interferometry can
member using computer guidegtting technology. Atthe same capture displacements over a quasi-continuous surfagle [
time, bevels were prepared at angles ranging betwee@aid® The advantage of this feature for the tests described here was
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Fig. 3. Needle peening of S&pecimen (left), and treated region of joint (right).

Tension Comf;z:*‘eion introduced by a system of two hydraulic jacks acting on a short
- distribution beam, located at the mid-span of the girder. As
a first step, each specimen was subjected to 10 load—unload
sequences between the minimanmd maximum loads required
in the subsequent fatigue test. This was done to ensure that the
effect of residual stresses in the truss (either due to the welding
and assembly work or small misalignments due to fabrication
tolerances) had stabilised and strain range values could be
TN T N/ T T AT expected to remain constant for the initial stage of fatigue

testing. Once stabilised, static strain gauge measurements were
\ /0 Area of measurement ) taken at theminimum and maximum load levels.
For the fatgue tests, load cycles weapplied to the truss in
Fig. 4. Typical gauge arrangement jomt; numbered joint locations. order to determine the number of cycles to crack initiation and

éo joint failure. Fatigue loading was applied in the form of a
be measured sinusoidal wave at a frequency of about 2 Hz, with a load ratio
C . . ... of R =0.1. A load control system was used whereby the load
Speckle mterferor_netn_c techniques rely on the CE?pab'"tyremained constant irrespective of the deflections provoked in
of a rough surface illuminated by a laser to retro-diffuse atg;e truss girder. Specimens with nominally identical dimensions

that the strain very close to (or even up to) the weld toe coul

randomly varying field that appears as a noisy and spotte eries S1, S2 and S4) were subjected to the same minimum
pattern called speckle. Depending on the optical configuratioq , , maxim’um loads. The load applied to the smaller specimens
used, this pattern modifies point by point in relation to the local S3) was adjusted so as to obtain similar nominal stresses in
displacement undergone by the surface. The optical system ¢ e specimen brace members to those measured in the larger
convert this local displacemenitbd an optical path difference, specimens.
which is thevisible and measurable output of the system. The CHS joints were monitored closely during testing
Speckle interferometric measurements were not USef, ensyre the early detectiorf atigue cracking. Once the
systematically, for each test, as was the case for the strain gauge,cis had been detected, their surface lengths were measured
measurements. Although optical measurement techniques haM@ing a dye penetrant techniqiighe accuracy of this method
been used for decades in civil engering applications, their for measuring the length of surface cracks was verified by
in—sitL_J application for Iarge—scale_ tes'Fing still highlights Certai”measuring crack lengths usingagnetic particle inspection. It
practical problems. Thus, strains in only two joints wereyas found that crack lengths determined with dye penetrant
measured using speckle intedenetry: joints S22 and S44. ere accurate to within 5 mm. Cracks were measured at regular
These strains could be compared with concurrently tested angteryals during fatigue testing.
strain gaiged joints in the same specimen, i.e. S21 and S43, jqnt failure was taken as through-thickness cracking of the
respectively. Speckle interfereetry measurements were only chord; since all cracks occurred in the chord, through-cracking
carried out in the gap region of the K-joints (at location 1could be detected by pressurising slightly the air within the
in Fig. 4), again due tdimitations related to the setup of the chord and monitoring the pressure with a small mechanical

optical equipment. pressure gauge. Once the pressure gauge indicated zero, it was
known that one of the twK-joints in the specimen had attained
2.3. Test procedure through-cracking. Depending on the surface length of the crack

in the :2cond joint, fatigue testing was continued without repair
As shown schematically iRig. 2 the top tord of the truss  of the failed joint. In all specimens except for S1 (1, 2), cracks
girder was simply supported at its extremities. Lgad)) was  were present in theegond joint by the time the first joint had
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Table 2
Measured member stresses and stress rati@s= 600 kN
Joint Tensiorbrace Compression brace Chord
Aonombr Onombr/Oax br Aonombr Onombr/%ax br Aonomch Onom.ch/%ax ch
(N/mm?) (N/mm?) (N/mm?)
S1P 78 1.63 —58 1.25 - -
S21 72 1.66 —53 1.18 6 0.43
S23 74 1.73 -59 1.28 12 0.57
S31 72 1.44 —59 1.16 36 0.95
S33 77 1.38 —61 1.19 40 1.03
S41 81 1.88 -59 1.28 12 0.54
S43 76 1.64 —60 1.35 - -

23511: series 1, joint 1; S23: series 2 joint 3.

formed a through-thickness crack. For joint S11 the crack wa$onombr/oaxpr) IS high. In fact, the nominal-to-axial stress
repaired by gouging and re-welding, and testing was continuedatios in these members are significantly higher (between 1.5
until cracking in S12 had occurred. and 1.8) than the 1.3 magnification factor generally called for in
The number of fatigue load cycles was recorded andpecifications. This high proportion of bending could be due to
correlated to events during testing: the detection of a crackarious factors particular to the truss girders used for the tests,
(N2), various stages of crack propagation, and joint failureincluding their stif joints—a very lowy parametety < 12.0)
(N3) (defined, in this case, as through-thickness cracking of thevas used for theojnts, thus making them stiffer than the joints
chord wall). The number of cycles was used to prodgggs—N covered in the specificationig > 12.0). Furthermoe, the test

data for the tet joints. truss was subjected point loading, which may have produced
a nore pronounced change in curvature in the two test joints
3. Experimental stressresults compared to a uniformly distributed load.
The stress ratios ifable 2 also indicate the direction of
3.1. Nominal member stresses bending moment with respect to the joint. That is, a ratio

of lessthan unity 6nom/0ax < 1.0) means that the bending

The strains measured in the members are importanhoment adds compressive strain to the gap region of the
indicators of the strain arriving at the joint and thus affectingjoint, as is seen in almost all of the chord members. It is
the fatiguebehaviour of the joint. Due to joint rigidity, members not possible to account for a reduction in axial stress due
will not only be subjected to axial strains but also to bendingo compressive bending moments in the simplified modelling
strains that vary oveheir length. Otherwise stated, the nominal procedure described above, that is, magnification factors given
strain (enom) Measured by the member strain gauges camn the ecifications to account for bending are always greater
comprise contributions from several load cases: axial straithan one (for CHS K-joint chord embers, this factor is 1.5).
(¢ax) due to an axial load, in-plane bending straifp,) due Two similar, statically point-loded large-scale trusses
to in-plane bading, and strain due to out-of-plane bending composed of rectangular hollow sections (RHS) with welded
(eopb), that is, bending out of the plane of the truss. In K-joints (8 = 0.625,y = 85,7 = 10,6 = 60°) [13],
the tests described here, the planar nature of the test trugssted to determine the akidorce and bending moment
resuted in negligible strains due to out-of-plane bending.distributions in the members, provide a comparison for the
As mentbned previously, gauges measuring nominal membepresent experimental investigation. For the RHS trusses, the
strains were placed at certain points along the members. Dustress ratios in the mebers (comparable to the values presented
to the predominantly uni-axial strain state in the members, thén Table 2 under serviceability loadig, at the location of
measured strains could be corteel irto stresses using the measurement, were up to 1.02 in the braces (both trusses
simplified Hooke's law. showed similar values for the brace members), while the stress

In the design of tubular trusses, member bending stresseatios in the chords varied ghtly according to the stiffness
must be accounted for not only in the choice of memberof the triss: with a maximum value of 1.06 in the stiffer truss
dimensions to satisfy static requirements but also in theand 1.02 in the less stiff truss (assuming, for simplicity, that the
calculation of fatigue stresses, that is, hot-spot stresses, in thending moment stress had the same sign as the axial stress at
joint. Simulation of the joint rigidity, however, is a difficult task the joint)
that generally requires three dimensional modelling of the joint.  Although the stress ratios measured by Frater and Packer
Alternatively, current specificationgl,p] recommend that the [13] were snificantly lower than the present measured stress
truss is modelled with simple bar elements and idealised jointsatios (and significatly lower than the mgnification factors
In this case, additional magnification factors must be used tgenerally cied for in the specifications), the general trends
account for the secondary moments not accurately simulategsken in the two studies are similar. The stiffer RHS trliss
by the model. (that is, globally stiffer due to larger chord members, other

Examining the results presentedTable 2 it can be seen parameters remaining the sameahibited larger gess ratios
that the proportion of measured bending in the tension bracda the chords than the less stiff truss,. A similar trend was
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Fig. 5. Extrapolation of data pomto deérmine hot-spot stress at weld toe (stresses from joint S21 shown).

seen in the presentinvestigation, whereby the joints in the stiffegauges. An example of a strip gauge measurement close to the
trusses were affected by a larger proportion of bending stresseld toe at hot-spot locatiol of joint S21 is shown irFig. 5.
than the joints in the less stiffusses (compare joints S11, S21 Joint hot-spot stresses were @@hined by extrapolating the
S23, S41, S43 to joints S31 and S33) in both the brace andtress distributionsuch @ those shown irFig. 5, to the weld
chord members. This trend appears reasonable, since a globalbe. The hot-spot stress is asgd to include global effects
stiffer truss can be expected to act more like a Vierendeel trussuch as joint geometry and thge of load, but excludes local
and thus transmit more secondary moment in its members. effects due to the weld shape and radius of the weld toe (notch
effects) p].
3.2. Sressesinjoints The extrapolation method to find the hot-spot stress has been
studied and discussed thoroughl§,14,15,17]. For the work
The strains measured at joimidations were also converted presented here, an extrapolation method recommendeg] in [
into stresses. In the multi-axial stress state region of the jointwas used. For this method a second order polynomial was fitted
the relationship between stressand straia can be described to the stress data points within defined limits of extrapolation
using the generalised Hooke's law, wherés the direction of  (Fig. 5). A linear extrapolation to the weld toe was then carried
the axis of interest, in this case perpendicular to the weld toe: out from two points: from the points on the second order
E polynomial atL¢ min and L max. Thehot-spot stresss, was
ox = 1.2 (ex +v(ey + €2)) Q) then taken as the value of linearly extrapolated stress at the weld
toe.
whereoy is the stress in the direction perpendicular to the weld  Fig. 6 shows the distribution of measured stresses at hot-
toe, E is the modulus of elasticityy is Poisson’s ratiogy isthe  spot location 1, onhte chord at the base of the tension brace
strain in the direction perpendicular to the weld tegjs the  (refer toFig. 4) due to a fatigue loach Q = 600 kN, for both
strain perpendicular to directionsandz, ande; is the strain  strain gauge and speckle interferometry measurements. Stresses
perpendicular tox andy. When it is @sumed that the straiag  obtained from the strain gauge measurements are shown at a
andez are very smallx > ¢y, £7) and t&ing Poisson’s ratio  spacing of 2 mm (series S3) and 4 mm (series S1, S2 and
as 0.3, Eq(1) reduces to: S4). Although gauges were also placed closer thag, for
E E oy comparison with the speckle results, a minimum of three strain
125 = 0o1°%x = 11Eeyx that ISe - = 11. (2) gauges within the extrapolation zone was required in order to
’ X make possible extrapolation using a second order polynomial.
Numerous investigations into the validity of E() have  For the spckle measurements, stresses at intervals of 0.08
been maded14,15. They have found that the stress—strainmm (quasi-continuous) were obtained, starting directly at the
ratio can vary depending on the load level and the location in theveld toe. InFig. 6 it can be seen that, due to the geometric
joint, but that the average v falls at approximately 1.1 for perturbation in the joi the stresses increase relatively rapidly
rectangular hollow section (RHS) joints and 1.2 for CHS joints.close to the weld toe.
Rosette measurements were used to determine the stress—straiThe stresses from the two measuring systems compare
ratio in the present study. The measured ratios were found tlairly well, especially considémg that the measurements
be similar to the ratios found in the investigations cited abovewere taken on different joints, with slightly different nominal
A value of 1.17 was subsequently used, in accordance with th@ember loads, weld shapes and gap sizes. The relatively good
vaue found by van Wingerde et all§] in their treatmat of a  concordance between gauge and speckle results was useful,
large databasef foint hot-spots strain results. since it served as andependent verification of the strain gauge
As desciibed inSection 2.2the jants were equipped with measurements. The specklgerferometry measurements in
various types of gauges, including uni-axial and rosette strig-ig. 6 show a smooth, essentially symmetric curve over the

Ox =



A. Schumacher, A. Nussbaumer / Engineering Structures 28 (2006) 745-755 751

180 Extrap. zone S1,2,4

300

Extrap. zone S3
o

200 -20 T 1
o 0 10 20
g
E o el
2 100 A
c Speckle interferometry:
172}
- S22
o
2 04 S44
g Strain gauge
2 - O s2
Zz -100
53 S sz
= % s31

-200 1 O s33

Compression weld toe
* i
-300 T T T — T 1
0 10 20 30 40 50 60

Distance from tension weld toe (mm)
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Table 3

Stresses in members and jainteasured and calculated

Location on joint Joint Nominal member stressgé/mm?) Hot-spot stressedN/mm?) Ratio

Aonombr Aonomch Aohs meas Aohs calc Ohscalc/Ohs meas

1 S21 72 15 140 269 1.92
S31 72 36 187 315 1.68

2 S11 78 11 68 156 2.29

3 S11 78 11 17 167 9.82

4 S11 78 11 67 88 131

11 S11 78 11 132 - -
S31 72 36 122 - -

entire gap distance. It can be seen that the inflection point db the stress in thehord due to the chord axial force, SGkch
the curve lies slightly to the left of the point of zero stress. Thisis the stress concentration factor at joint locatiothue tothe
is due to tension in the chord, which has the effect of increasingxial chord force, and so on.

the tension in the gap and shiftjthe curvedwards tke tension The stress concentration facs (SG-s) for a specific load

brace. case can be calculated using parametric equations such as
those found in the design guideline4q]. Since the goal of

3.3. Comparison of measured and calculated joint stresses the comparison was to evaluate the validity of the parametric

equations in the determination of the hot-spot stress, the
Hot-spot stressesbtained from the distributions such as Measurediominal member sesses from the sés were used in
those shown ifFig. 6and at other joint locations are presentedthe calculation ratherthqn nongilmember stresses determined
in Table 3 They are copared with values calculated using through analysis of a s_|mple k_)ar element model of the truss
design guidelines and background documents on which théhe usual procedure in design). Note thEdble 3 makes
design guidelines are basetf]. For comparison purposes, the & conparison of hot-spot stresses and not SCFs. A direct
nominal stresses in the tension brace and chord member are afg@mparison of measured and calculated SCFs for individual
given inTable 3 A generalised equation fahe calculation of load cases could not reade here, since the hot-spot stresses

hotspotstress can be written as follows: measured in the tests were due to a combination of load cases.
Furthemore, in order to calculate the hot-spot stresses, the
ohsi = Oaxbr - SCH, axbr + dipb_br - SCH ipb_br parametric equations were agsed to be applicdb to the test
+ oaxch - SCR.axch+ - - - 3) joint geometries. This is not necasly the case, since the test

joints had a lower chord diameter-to-thicknég9 ratio than
where oys; is the hot-spot stress at locatinax br is the stress  covered by the specifications.

in the tension brace due to the axial brace force,iS&k is the In Table 3it is seen that location 1 is the point of highest
stress conceération factor at location due to the axial brace measured and calculated hot-spot stresses (series S1 and S2
force, oipp_r is the stress in the tension brace due to the injoints can be compared directly), which corresponds to the
plane bending moment, SChy.or is the stress concentration fatigue test reults—location 1 was the location of cracking for
factor at joint location due to the moment in the bracey ch test series S1, S2 and S3. It i@ seen that the calculated
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Fig. 7. Fatigue crack development in joint S21.

o ol

Saddle |
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Chord wall
(T = 20 mm)

Fig. 8. Cracks through chord thickness: joint#4$2ft) and S31 (right) at joint location 1.

hot-spot stresses are systematically higher than the measursiiless, and followed a similar pattern where cracking occurred
stresses. This discrepancy isferred to again below; it was approximately symmetrically on either side of location 1 and
also investigated in detail using a validated finite element modgbrogressed towards the saddle (location 2), in the chord and
and is reported ing]. Calculated hot-spot stresses that are tooalong the weld toe, as seerfiy. 7. Once teting was complete,
high can be considered conservative. It is possible that thegeints were cut open in order to examine the crack path both in
conservative calculated hot-spot values may contribute to athe thickness direction and alotige brace—chord intersection.
over-design of the structure that will make it economically Fig. 8 shows the crack paths through the chord thickness at
uncompetitive—thisis particularly relevant to bridge structures. location 1 for joins S24 and $1. The cracks follow an angled
It is noted that, for S1 and S2 joints, the measured hot-spgiath, that is, they are not perpendicular to the chord surface.
stresses on the brace ktcation 11 (refer toFig.4) were  This angle is maintained as the cracks propagate along the
also relatively high. Hot-spot stresses were not calculated fofeld toe, away from location 1, thereby resulting in a so-
location 11, since parametrigjeations are not given for this called double-curved crack. The angled crack indicates that the
location in the deign guidelines. Lastly, the hot-spot stressesijrection of principal stress (and thus of the crack driving force)
measured at location 3 were very low. It is likely that the hot-at this location is influencedsaxected, by both the brace and
spot stress at this location, for this particular joint geometry, ishord load. The higher the proportion of brace load (stress), the
not affected by the brace loads. The calculated hot-spot stress &pre the crack angles towards the brace.
this location, on the other hand risuch higher, since itincludes The fatigue results for series S1, S2, S3 and S4 are plotted in
the effect of the brace load. Fig. 9. The resits for S1 and S2 we considered as one data set
(S1&2)in light of the similar results obtained for the two series:
it was shown that the backing ring (refer Table J did not
4.1. S—N results have an influence on the fatigue behaviour of the joiéksThe
fatigue test rsults are presented in the form of logarithmically
Cracking in all of the series1S S2 and S3 joints occurred plottedSg hs—N curves, wheré&g ns is the hotspot stress range
at location 1, that is, at theotation of highest measured and N is the nunber of load cycles to failure. The hot-spot

4. Fatigue behaviour of K-joints
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1000 5 In Fig. 9the results from seriesl&2 can also be compared
1 A S1&S2, T=20 mm

4 Charcurve O $3.T=12.5mm with the results from series S4. Itis recalled that series S4 joints
(det.cat. 135) <O S4,T=20 mm were geometrically identical to S1&2 joints, but were needle
peened at and around joint location 1. Testing of the S4 joints
was gopped at approximately 3 10° cycles €ig. 9 shows
the number of cycles multiplied conservatively by 1.49). At
this point, none of the joints in the series had failed, however
§3 Char.curve e small fatigue cracks had been @éeted at location 1 adjacent to
(@et.cat. 125) the conpression bragereferred to as location 1c. The notch at
location 1c is nominally the same as at location 1. Although the
force in the brace is compressive, the chord at that location is in
tension and, more importantly, the material adjacent to the weld
is also in tension due to tensile residual weld stresses. Thus,
11%:+05 A4 o R .0, even if the app!led stress range is compressive, as was seen
Number of cycles, N, in the speckle interferometry resultBig. 6), the local stress
range relevant to fatigue crackayvth may be pdtly or entirely
Fig. 9. Fatigue test results for series S1&2, S3 and S4. tensile.

Compared with the racks in the series S1 and S2 joints,
stress range is taken at the location of failure: location 1 fothe cracks in series S4 joints achtion 1c were detected later
all jOintS. It is noted that théN used in the fO”OWing figures and propagated at a slower rate, Suggesting that the effective
refers toNy, that is, the number of cycles at which the joint stress range wasnly partly tensile. It is interesting to note
has suffered a complete loss of strength. Since d¥y(the  that, at a smaller tensile stress range, location 1c is still more
number of cycles to through-thickness cracking) was attainegritical than other locations around the tension brace—chord
in the present tests, a ratio bl/Nz = 1.49 found in a study intersection, including locationllon thebrace where relatively
of a large database of fatigue test results of CHS joitkWas  high hot-spot stresses were measur@able 3. This raises
used to extrapolate fromz to Na. questions about the comparative severity of the notch at

In the gatistical evaluation of the test resulf& hs—N mean  different locations around the joint and whether it is justifiable
curves were fitted to the data through regression analysis bas@sicompare them on trgame basis, for exaple usng the same
on a fixed slope ofn = 3.0 up to the onstant amplitude fatigue Sz ,«~N design curve for hot-spot locations on the chord and
limit, N = 5 x 10° cycles. AtN greater tharN = 5 x 10°  on the brace.
cycles, a slope o = 5.0 was takenFixed sbpes were used, Since the tests were stopped prior to through-thickness
since allof the specimens were tested at similar hot-spot stresgracking, a standard deviation for the S4 data points could not
ranges and therefore the experimental determination of a slopg determined. When the standard deviation found for the S1&2
wasnot feasilte. Following the determination of a mean curve, data was applied to the S4 dat@wevera comp@rison inFig. 9
characteristic curves (sé€g. 9) were estblished at a certain between the characteristic ces/of the two data sets could be
number of standard deviatiorisy) of the dependent variable made. The increase in the fatigue detail category from detail
logN below the mean. By taking an appropriate number ofcategory 86 to detail category 135—a more than 50% increase
stendard deviations below the mean—a value which reflectsn fatigue strength and a three-fold increase in fatigue life—is a
the number of points in the data set, e.g5s for 5 data  very positive resltiin terms of the potential of needle peening as
points, 27sy for 10 data points, Bsy for 50 data points, and a mehod for improving the fatigue behaviour of welded tubular
so on [Ll9—a 95% survival probability with a two-sided 75% joints. This result is in line with results of other studies where
confidence level of the mean is achieved. The characteristiweld improvement techniques have been found to lengthen
curves inFig. 9 are identified by theirSg hs value atN = the fatigue life of welded steednd aluminium plate details
2 x 108 cycles (referred to as the detail category). [11,20,21].

In Fig. 9 two effects are clearly seen: the effect of size
and the effect of post-weld treatment. The effect of size ist2. Comparison with fatigue design curves
evident in conparing series S1&2 and S3. The dimensions of ) o )
the joints in S3 were reduced proportionally in relation to joints N Fig- 10the characteristic curves for series S1&2 and S3
in seies S1 and S2, while the non-dimensional parameter&r® shown, as well as the correspondrgs-N design curves.
©, B, y, T) remained roughly the same (referfable 3. The The design curves are based on the reference curve that is valid

data points and their corresponding characteristic curves shol j0ints with failed member thicknesses of 16 mm. This curve

that, when he size of the specimen is reduced, the fatigu@n be written as:
resistance increases. More specifically, when the thickness of 1 _

the failed element (i this case the chord]sig2 = 20 mm, %g(SR’hSlG) - 3(12'476 log(Na))

Ts3 = 125 mm) is redeed, the characteristic curve is shifted for 10> < Ng < 5 x 10° (4)
to the right (detail category@for S1&2; cetail category 125 1

for S3). log(Srhs16) = 5(16-327— log(Na))

100

S (N/mm’)

S1&2 Char.curve
(det.cat. 86)
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1000 7 T > 16 mm. Stéed otherwise, the observed size effect for

proportionally scaled joints appears to be greater than the size
$3 Char.curve correction included in the design lines. It should be recalled,
(det.cat. 125) however, that this kind of direct comparison between measured

_____ : S3 design curve H i i i i
(seseiD6) values or curves and those found in the design guidelines is not

SRThs,culc

Sknsmens Auemeo b justifiable (see discussion in piews paragraph). Nevertheless,
—~ 100 : just concentrating on the measd results, the significant
g : difference in strength between the series S1&2 and S3 has
2 <l < prompted a further investigation into the effect of size. This
2 % § . N study, reported in ] and [22], has highlighted, among other
” 3 = (det.cat. 86) things, the feasibility of simulating the geometric size effect in
‘ S1&?2 design curve welded tubular joints through the use of simple linear elastic
o : . deticat10) fracture mechanics models. It also found that the size effect
. AR R exponentglven in E_qs(.5) gnd(6) was derived from test_ dafca
Number of cycles, N, of predominantly thinner jointéT < 16 mm), thus making it
guestionable whether it is suitable for the thicker bridge joints
Fig. 10. Comparison afharacteristic curves to design curves. (i.,e.T > 16 mm).
The size effect correction hass it is repreented in the
for5 x 10° < Ny < 10%. (5)  design guidelines today, a major influence on the fatigue design

of welded tubular joints. When comparing the fatigue strength
(stress range) of a welded CHS joint with 16 mm thickness at
the expected crack location and, for example, the same joint

For thidknesses othéhan 16 mm, the following corrections
are applied to Eqg4) and(5), respectively:

SRhsT _ (16 A n—006-loqN proportionally scaled such that the critical member is now
Shsie  \T - g™ 50 mm thick, a reduction in the predicted fatigue strength of
for 103 < N; < 5 x 10° ©6) 35% at two million cycles can be expected according to Egs.
% 16\" (3)—(6). This is paticularly noteworthy for welded CHS bridge
hsT <_) n=0.402 for5x 10° < Ny < 10° joints, since chord members in these structures will, in most
Rhs16 T cases, have wall thicknesses substantially greater than 16 mm.

(M) In the pas substantial effort has been put into the precise
determination of hot-spot stresses in welded tubular joints. In
comparison, however, much less work has concentrated on
defining the corresponding: hs—N curves and the related size
effect correction. In light of theasults presented here and the

whereSs nhs T IS the hot-pot stress range for tube wall thickness
T, SRns16 is the hot-pot stress range for a reference tube
wall thicknessTet = 16 mm, T is the thickness of the failed

membern Is the sze dfect exponent, anl is the nunber of major influence of this effect igeneral, it seemjudifiable to

cycles to failure. . i
k I I h N
The measured and calculated hot-spot stress ranges at e a soundly based solution with targefchs-N curves and

location of cracking for joint S21 are shown Kig.10. The dTepresentive size effect.

calculated hot-spot stress value was presented previously in

Table 3(joint S21, location 1). When the considerably higherd. Conclusions

calculated hot-spot stress range is applied to the corresponding

design curve (design curve fof = 20 mm), it seems An experimental investigation on the fatigue behaviour of

that the predicted resistance (in terms of cycles) is toavelded CHS K-pints for bridges has been carried out. The

conservative. However, when the measured hot-spot stressllowing conclusions can be drawn:

range is subsequently related to tBens—N curve found from _ o _

the tests (characteristic curvaé&), the difference between the 1+ The proportion of bending in all of the tension braces of the

predicted and measured number of cycles to failure is no longer (€St girder was seen tee high. The nominal-to-axial strain

great, especially when this valuesin the measured case in  'atio in these members is significantly higher than the 1.3

Fig. 10 are based on a nominal ratio M /Ng = 1.49. This is magnification factor given in design guidelines.

due to the substantially lower detail category found for serie®. The hot-spotstress ranges calculated for the test joints, based

S1&2 in the tests and highlights the importance of relating hot- 0n current design specifications (using the nominal member

spot stresses to the appropriate, correspon8ing—N curves. stresses measured the tests), were considerably higher
Also seen inFig. 10 is that the characteristic curve for  thanthe measured hepot stress ranges.

the S3 results falls at the same level as the design curve f&@. Sk ns—N results from a dataet of eight joints, where failure

T = 125 mm, whle the characteristic curve for the S1&2 occurred in the 20 mm thick chord member, have indicated

results falls below the design curve for = 20 mm. Based a chaacteristic curve that is considerably lower than the

on these results, it appears that the correction for size inherent correspondingSk hs—N curve: detail category 86 versus

to the design lines (Eq$3)—(6)) may be non-conservative for detail category 105.
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4. The fatigue testesults from series & denonstrate the  [3] Romeijn A. Stress and strain concentration factors of welded multiplanar
beneficial influence of needle peening on the fatigue life of  tubular joints. Ph.D. thesis. The eiherlands: Delft University of
the joints. No crack formed at gint location 1 or at any Technology, Delft University Press; 1994. _ ,

ther | ti d the t ib hord int ti [4] Zhao XL, Packer JA, editors. [IW (International Institute of Welding).
other locations aroun € teaaibrace—chord intersection, Faigue design procedure for welded hollow section joints. Doc. XllII-

eyenafter th.retla times the .number of load cycles compared  1804-99, X\-1035-99: 2000.

with other similar test series. Small cracks, however, were[5] Zhao XL, Herion S, Packer JA, Puthli RS, Sedlacek G, Wardenier J

detected at location 1c, on the chord adjacent to the et al. Design g_uide for gircular and rectangula_r'hollovy section welded

compression brace weld toe. The shift of the critical location joints under fatigue loading. In: CIDECT, Comithtenational Pour le

in the ioint. both i d ti . t that will Développement et Efude de la Construction Tubulaire. Serial No. 8,
In the joint, both In Space and ume, IS an outcome that wi KolIn (Germany): TUV-Verlag Rheinland; 2000.

requ”? further _StUdy in Qrder to appropriately_ quantify the [6] schumacher A. Fatigue behaviour oflded circular hollow section joints
potential benefit of weld improvement as applied to welded  in bridges. Ph.D. thesis 2727. Srerland: Ecole PolytechniquesBérale
CHS joints. de Lausanne; 2003.

5. When the considerably hlgher calculated hOt-SpOt stres§7] Schumacher A, Sturm S, Walbridge S, Nussbaumer A, Hirt M, Vollmar

USi 2) i lied to th di T. Fatigue design of bridges with weldezircular hollow sections. Swiss
range (see conclusion 2) is applied o the corresponding association of road and transpion experts, Zurich; 2004 (ASTRA

design curve, it seems that the _predicted resistance (in Forschungsantrag AGB 1998/103 (88/89)).

terms of cycles) is too conservative. However, when the [8] Shao Y, Lie ST. Brametric equation of stress intensity factor for tubular
measured hot-spot stress range is subsequently related to the K-joint under balanced axial loadsiternational Journal of Fatigue 2005;
Skhs-N curve also found from tests, the difference between  27:666-79.

the predicted and measured number of cvcles to failure i [9] Sakai Y, Hosaka T, Isoe A, Ickawa A, Mitsuki K. Experiments on
P ! su u ycles lure 1s concrete filled and reinforced tubulK-joints of truss girder. Journal of

no longer as great. This is due to the substantially lower  constructional Steel Research 2004:60:683—-99.
detail category found for the test joints and highlights the[10] Mashiri FR, Zhao XL, Grundy P. Stress concentration factors and

importance of relatig hot-spot stresses to the appropriate, fatigue behaviour of welded thinalled CHS—-SHS T-joints under in-
correspondin@q hs—N curves plane bending. EngineedrStructures 2004;26:1861-75.

6. Investigation of the size effect through comparison of fati uéll] Haagensen PJ, Maddox SJ. IIW recommendations on post weld
: g g p g improvement of steel and aluminium structures. 1IW Commission XIlI,

SR.hs—N results from x_mall_er and_larger_welded _C_HS_joints XIlI-1815-00; 2001.

shows the same trdnindicated in design specifications: a [12] Facchini M, Jacquot P. Speckle irfierometry measurements in testing
thicker failed member results in a lower fatigue strength.  halls for civil engineering applications. In: Proceedings of SPIE,
The characteristic curve for the smaller joints falls at the _ Interferometry '99. 1999.

me level asf rrent desian rve faofF = 125 mm [13] Frater GS, Packer JA. Modelling of hollow structural section trusses.
same level a curre esign curve - y ! Canadian Journal of Civil Engineering 1992;19(6):947-59.

while the characteristic curve for the larger joints falls below[14] van wingerde AM. The fatigue betsiar of T- and X-joints made of square
the curent design curve fof = 20 mm (see previous hollow sections. Heron 1992;37(2).

conclusion). Based on these results, the correction for sizg5] Panjeh ShahiE. Stress and straconcentration factors of welded
inherent to the design curves appears non-conservative for multiplanar joints between square hollow sections. Ph.D. thesis. The

h . . Netherlands: Delft University of &chnology, Delft University Press;
T > 16 mm. In light of the results presented in this 1994r y verstty i Wersiy Fress

paper concerning the size effect and the major influence qfig} van wingerde AM, van Delft DRWvardenier JPacker JA. Scale effects
this effect on the design of welded CHS joints in general,  on the fatigue behaviour of tubular structures. WRC Proceedings IIW.

it seems justifiable to seek a soundly based solution with  1997.

targetedSR heN curves and a representative size effect [17] Herion S. Riumliche K-Knoten aus Rechtetlohlprofilen. Ph.D. thesis.
ol ) Germany: University of Karlsruhe; 1994.
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