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The influence of welding tensile residual stresses on fatigue crack growth in bridge tubular K-joints is
investigated through experimental testing of large-scale specimens. Crack development is monitored
using the alternating current potential drop method. Crack shape, propagation rate, and the stress inten-
sity factors, are analyzed based on measurements. Current CIDECT design guidelines devoted to K-joints
recommend to use the fatigue strength S-N curve category 114. Based on experimental investigations,
this category is shown to overestimate the fatigue life of bridge K-joints presenting a low chord slender-
ness 7y value (7 < 12). CIDECT guidelines also neglect fatigue from compressive loading; however, the fati-
gue test results prove that cracks propagate up to a critical size for details loaded in compression. The
detail category 100 is proposed to design bridge K-joints loaded in tension or compression.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

During the last 20 years welded tubular truss bridges have be-
come a great success, mainly in Europe. This trend is related to
manufacturing techniques which are becoming economically com-
petitive and more easily-accessible. In addition, tubular truss
bridges are particularly appreciated and demanded by architects
and engineers because of their ‘transparent’ and aesthetically
attractive features, and the advantageous strength of the tubular
sections in compression, torsion and bending.

Welded tubular joints are susceptible to fatigue failure [1]. Re-
search addressing these fatigue issues has been carried out during
the last 35 years, mainly by the offshore industry [2,3]. Specific re-
search on tubular bridge fatigue started later, in the 1990s. The de-
sign specifications used for offshore structures are not appropriate
to tubular truss bridges, due to tube dimensions (thick tubes with
small diameters lower than 600 mm) implying a low chord slen-
derness y =2 value, and the presence of a constructional gap
inducing an eccentricity.

The fatigue strength of a tubular structure depends on the abso-
lute and relative size of its members (size effect), on the loading
case, on the initial crack-like imperfections, and on the welding
residual stress fields.

In tubular joints, the complexity of the stress field has led to the
use of a hot-spot stress concept [4] for characterizing the stress
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field at potential fatigue crack locations (hot-spot locations). Hot-
spot stress considers the effects of joint geometry and the type of
load (stress concentration effect). It is a useful tool even though
the determination of stresses using the hot-spot concept does
not completely capture the size effect on fatigue resistance without
a correction [2].

Due to the existence of initial imperfections in welded joints, it
has been shown [5] that stable crack growth dominates the total
fatigue life. Since welding imperfections, typically, of 0.1-0.2 mm
depth are present in the vicinity of the weld toe [6,7], they act as
crack initiators, meaning that there is almost no crack initiation
phase in the fatigue life. Thus, the crack may start to propagate un-
der the first load cycles.

Some design rules and studies are available to estimate the size
effect [8,2], the applied stress concentration due to traffic loads
[3,1] and welding imperfections. However, three-dimensional
residual stresses in tubular K-joints as well as their influence on fa-
tigue crack propagation remain unknown.

This paper is not devoted to residual stress measurements in it-
self. It will be based on previous investigations conducted by the
authors and presented in Section 2. The objective of the work pre-
sented herein is to evaluate the influence of tensile residual stres-
ses on the fatigue crack development and the fatigue strength
using large-scale tests.

The chosen strategy to separate the residual stress effect from
the total internal stress effect is to focus on the behavior of details
loaded in compression where cracks can only grow under the pres-
ence of high tensile residual stresses, and then compare it with the
behavior of details loaded in tension.
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Nomenclature

D outside chord diameter (‘sup’: upper chord, ‘inf: lower
chord)

T chord wall thickness

d outside brace diameter

t brace wall thickness

e eccentricity (positive here)

g gap distance

Len chord length between two nodes

Y™E partial safety factor for fatigue strength

hot-spot 1 fatigue crack location situated at the weld crown toe
on the tension brace

hot-spot 1c fatigue crack location situated at the weld crown toe
on the tension brace

Sx-Jy-z hot spot labeling: Specimen number x - Joint number
y- Hot-spot number z (1 or 1c)

o =2k chord length slenderness

p=4  diameters ratio

Y :% chord slenderness

T=4% wall thickness ratio

0 brace angle

(=% normalized gap parameter

2c crack length

a crack depth at the deepest point

@ starting crack angle

N3 number of cycles at through thickness cracking
Ny number of cycles at complete loss of joint strength
K stress intensity factor

In the CIDECT design guide for tubular welded joints under fa-
tigue loadings [1], K-joint details loaded in compression are not
considered to cause fatigue failure (‘it is presumed that only braces
which have some parts of their load range in tension will be liable
to cause fatigue failure’). This raises the question as to the defini-
tion of ‘fatigue failure’.

The definition of fatigue failure, i.e. crack size considered at fail-
ure, is not clear and not consistent between codes. In Eurocode 3
Part 1-9 [9] and CIDECT, our interpretation is that it is implicitly
taken as a crack detectable by visual examination. In the [IW rec-
ommendations [4], the failure criterion for large components is de-
fined as ‘the observation of a larger or through-wall crack’. The
failure criterion is also implicitly taken into account through the
partial safety factor for strength ymr In Eurocode 3 Part 1-9,
‘crack-arresting details’, such as the details loaded in compression,
or other local failures which do not imply the failure of the struc-
ture are calculated with the damage tolerant method. This method
uses a lower partial strength factor than the safe life method where
formation of cracks could ‘rapidly lead to failure of the structural
element or structure’.

In this study, for comparison, both half and through-thickness
cracking will be used as the failure criterion. The fatigue strength
S-N curves (stress S range versus number of cycles N) will be ana-
lyzed for each criterion.

Experimental investigations are performed on large-scale tubu-
lar truss beams under constant amplitude loading. The experimen-
tal method is to monitor the fatigue development using the
alternating current potential drop method, and to measure strains
in order to obtain the S—N fatigue results. Based on the comparison
of the S—-N fatigue results and the corresponding S-N design curves
given in the codes, considerations will be conducted to assess the
most appropriate fatigue design curve for bridge K-joints with
low chord slenderness y values.

2. Residual stress measurements

In a previous experimental study [10,11], measurements by
neutron-diffraction on several K-joint samples were conducted
by the authors. Results show that residual stress magnitude
reaches the yield strength of S355 steel at the weld toe. At and near
the surface, the largest tensile residual stress values are critically
oriented transversely, i.e. perpendicularly to the weld direction,
which is also the orientation of externally applied stresses. Fig. 1
shows the distribution of transverse residual stresses from the
weld toe (at hot-spot 1 or hot-spot 1c see Fig. 2) and through the

depth. This finding leads to a drastically different residual stress
orientation than found in the literature for pipe and pressure vessel
tubes [12,13]. For Y-, T-, pipe-to-plate and T-butt joints, the dom-
inant residual stresses are parallel to the weld direction. The geom-
etry of the K-joint creates high tensile residual stresses (from
welding) in the gap region, which tend to open cracks and increase
the fatigue crack propagation.

In codes, the influence of residual stresses on fatigue life are
considered in different ways. In [IW recommendations, Eurocode
3 Part 1-9 and CIDECT, the S-N curves include the effect of high
residual stresses. The IIW and Eurocode 3 Part 1-9 codes recom-
mend to use the fatigue S-N curve category 100 (hot-spot stress
method) for full penetration welds carrying loads. However, they
do not provide specific curves for K-joints. K-joint fatigue curves
are only given in the CIDECT guide which recommends to use an-
other fatigue S-N curve, namely category 114.

3. Fatigue tests

Performing fatigue tests on large scale specimens ensured to
combine complex loading with the presence of welding imperfec-
tions and residual stress field that occur in real bridge structures.
To conduct fatigue tests, large scale truss beams are preferred to
isolated K-joints because they allow for combining, in a single
specimen, details loaded under different multi-axial stress fields
either in tension or in compression. The size of the specimen tubes
represents approximately 1/2-2/3 of the size of a real truss bridge
section. Hence, joints are manufactured and welded in the same
conditions as bridge joints ensuring to induce similar welding
imperfections and residual stress distribution. As shown in Table 1,
most of joint geometrical parameters are within the range of cur-
rently built bridges.

E 400 | lﬁ" . ¢ Neutron-diffraction meas., T= 20 mm
=) 1 '." ??\\, ® Neutron-diffraction meas., T= 30 mm
é 300¢ (--)sf?o Q 1
£ 200f L N
= el

S %
g 100 | L 2.\\ i
2 . . - .
s 5 10 ~J5 20
= 100f 2 [mm] 1

Fig. 1. Transverse residual stress values and error bars obtained by neutron-
diffraction as a function of the depth z along a vertical line underneath the weld toe.
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Fig. 2. Main dimensions of K-joints. Hot-spot 1 and hot-spot 1c positions are
defined by the loading in the brace.

The choice of geometrical dimensions and geometrical parame-
ters is driven by the idea of finding a parameter which could influ-
ence the residual stress value for a given depth. In welded
structures made of plates and tubes, the proposed residual stress
distribution is, most of the time, expressed as a function of b/T
where b is the depth below the surface and T is the plate or tube
wall thickness [16,12,13]. Changing the wall thickness T of speci-
mens may result in a different residual stress distribution and then
a different combination with applied stresses.

3.1. Material and specimen manufacturing

The steel grade chosen for the specimens is a S355J2H, accord-
ing to EN 10210-1 (hot finished structural hollow sections of non-
alloy and fine grain steels). The designation S355]2H is used for a
steel (S) with a minimum yield stress value of 355 MPa (355) for
a nominal thickness t < 16 mm (> 345 MPa for a nominal thick-
ness 16 mm <t <40 mm) and a minimum toughness of 27] at
—20°C (J2). In this case, it is furthermore a tubular hollow section
(H).

The fully penetrated weld is made using the flux cored arc
welding process with active gas. A sequence of seven weld passes
is performed, starting from the crown heel and traveling to the
crown toe in the gap region (see Fig. 2).

Table 1

3.2. Description of specimens and test series

Two large scale tubular truss beams S6 and S7 (8.6 m long and
1.8 m high) are subjected to high cycle fatigue. Fig. 3 depicts main
dimensions and the circular hollow sections (CHS) chosen for truss
girders. As shown in Table 1, specimens S6 and S7 are geometri-
cally identical to each other except for the thickness T of their
upper and lower chord (respectively 20 mm and 30 mm for S6,
30 mm and 20 mm for S7).

Joints located at support positions and at the actuator position
are post-weld treated by needle-peening in order to prevent early
cracking. The rest of the joints are left as-welded, meaning that a
total of six joints J3N, J3S, J1, J2 (on the chord loaded in tension)
and J5N, J5S (on the chord loaded in compression) are likely to
crack within a reasonable amount of testing time.

Four series S1, S2, S3 and S5 using similar specimens with dif-
ferent chord and brace CHS sections (Table 1) were tested at
ICOM’s laboratory by [14,15]. However, series S1-S3 were only de-
voted to joints welded onto the tension chord (lower chord).

3.3. Test setup and test equipment

The static testing system consists of a simple beam standing on
concrete blocks located under the extremity of its upper chord. A
cyclic concentrated load is applied at the center of the upper chord
with a constant load range of AQ=549 kKN (minimum load
Qmin =61 kN, maximum load Q;q=610kN) and a load ratio
R= % = 0.1. This load range is chosen to be identical to previ-
ously tested series S5. Chord nominal stress range and load ratio
R are the same for series S3 (AQ = 396 kN), series S5 and joints with
a thickness T of 20 mm in series S6 and S7. The cyclic fatigue load Q
is applied (load control) until the first crack reached the full thick-
ness (corresponding the number of cycles to through-thickness
cracking, defined as N5 [17]).

The two specimens are equipped and monitored with several
experimental means:

e Uni-axial strain gauges and displacement transducer.

e Penetrant and magnetic inspection techniques to detect the first
surface crack.

e Ink and beach marking to mark the crack shape after a given
number of cycles.

e Crack opening at the end of testing.

Nominal dimensions and geometrical parameters for specimens series S1-S7 tested under fatigue loading (S1-S4 from [14], S5 from [15], S6 and S7 highlighted in gray from the

current study) and for real bridges.

Series/bridge ecc. Nominal dimensions (mm)

Geometrical parameters

Gap Chord Chord Brace o B YVsupl Ving Toupl Tinf 0
e g Dsup ><Tsup Dinf ><Tinf dxt (%) (%) (%) (%) Q)

S1 20-28 20-29 I-beam 273 x 20 139.7 x 12.5 154 0.51 16.83 /0.63 60
S2 50-55 54-60 I-beam 273 x 20 139.7 x 12.5 154 0.51 16.83 10.63 60
S3 28-39 31-44 I-beam 168.3 x 12.5 88.9 x 8 25.0 0.53 16.73 10.64 60
S4 Geometrically identical to S1 and S2, but all joints were post-weld treated

S5 22 20 168.3 x 20 168.3 x 20 889 x 8 25.0 0.53 4242 0.4/0.4 60
S6 32-39 32-39 168.3 x 20 168.3 x 30 889 x 8 25.0 0.53 4.2/2.8 0.4/0.27 60
S7 34-38 34-38 168.3 x 30 168.3 x 20 889 x 8 25.0 0.53 2.8/4.2 0.27/0.4 60
Antrenas France 94 1200 x 32 508 x 16 0.42 /18.75 /0.5

Aarwangen Switz. 97 406 x 36-50 406 x 36-50 194 x 24-28 124 0.48 4.1-5.6 0.5-0.8 45
Lully Switzerland 97 508 x 25-50 508 x 25-50 267 x 11-25 14.0 0.53 5-10.2 0.2-1 60
Nesenbacht. Germ. 99 324 x 16-80 324 x 16-80 194 x 10-60 19.5 0.60 2-10.1 0.6-0.8 46
Dittwil Switz. 2001 508 x 50 508 x 50 267 x 11-25 14.6 0.53 5.1 0.2-0.5 60
Korntal Germ. 2002 457 x 45-65 457 x 45-65 267 x 28-45 16 0.58 3.5-5.1 0.6-0.7 60
St-Kilian Germ. 2004 I-beam 610 x 50-60 298.5 x 55-60 ~12.5 0.49 /5.1-6.1 1-11 ~60
Bridge values 300-700 x 10-80 300-700 x 10-80 100-300 x 10-60 10-20 0.4-0.65 3-12 0.2-1.2 40-60
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Fig. 3. Overview of truss beam specimens S6 and S7 with main dimensions (in mm) and joint identification.

e Alternating Current Potential Drop (ACPD) is used to follow the
crack depth evolution during a fatigue test [18]. This non-
destructive technique is based on the property of alternating
current to flow on a thin layer close to the surface (skin effect)
of electrical conductive materials. Therefore, when the skin cur-
rent encounters a crack, it goes down and up along crack faces.
As a consequence, it is possible to calculate the crack depth of
any surface crack occurring between probes based on ACPD
measurements [15]. In Fig. 4, the crack depth d measured at
the probe position is shown. Note that this is not the crack
depth at the deepest point along the weld toe, a. The error on
d is estimated to be less than 25% for a small crack size
(a=1mm) and negligeable once the crack size is over 7 mm
depth.

The crack propagation rate is estimated as Ad/AN and the
experimental stress intensity factor AK is deduced from the
Paris law:

AK = (% 2—1‘3]); (1)

where C =2 x 10~'3 (mm/cycle)(N/mm~3/2)™ [19] and m = 3 [5] for
ferrite-pearlite steels.

3.4. Test results

3.4.1. Hot-spot stress range evaluation

Based on extrapolated strain measurements at the weld toe,
axis stresses can be calculated using the 2D Hooke’s law. Assum-
ing that strain in the axial member direction x is dominating
compared to strains in the other direction (& >>¢,) and that

Fig. 4. Presentation of a fatigue crack, once the crack is opened after the test. The
crack depth d was measured during the test using the ACPD method, at probe
position 5 in this case. d, is the projection of d on the vertical axis.

the Poisson’s ratio v=0.3 for steel, the equation can be reduced
to gx=1.1E ¢, Investigations conducted [2] on a large database
of joint hot-spot strain results have revealed that a ratio of 1.17
(6x=1.17E &) is more appropriate. This value is adopted for
stress calculation.

By simply multiplying nominal stresses by the corresponding
stress concentration factors SCFs, stresses at the weld toe called
hot-spot stresses are calculated. Since stresses are elastic, the total
hot-spot stress range Aoy Or Sgps; iS the superposition of hot-spot
stress range under each load case [1] (axial brace force: ax-br, mo-
ment in brace: ipb-br, axial chord force: ax-ch, moment in chord:
ipb-ch) at the joint location i:

AGhs.i = AGax—br . SCFi‘ux»br + AO-ipb—br . SCFijpb—br + Ao-ax—ch
. SCFi,ax-ch + Ao-ipb-ch : SCFi.ipb-ch
= Aatot nom * SCFmt,i (2)

SCF tables for the four load cases (ax-br, ipb-br, ax-ch, ipb-ch)
were determined by Schumacher [17] for similar K-joints. The
SCF study from Schumacher has the advantage of being specifically
devoted to bridge K-joints, characterized by a low y value (y <12)
and the presence of a gap (or an eccentricity). SCF factors were only
based on experimental results obtained in joints J1 and ]2. This
experimental research has shown that SCF values given in the CI-
DECT design guide overestimate the SCF measured values.

SCF factors were calculated at the most critical locations: hot-
spot 1 and 1c (Fig. 2).

Hot-spot stresses obtained by applying Eq. 2 are presented in
Table 2. It is seen that calculated hot-spot stresses Aoys; are lower
than nominal stresses Ao nom and this trend seems to be linked
to the chord wall thickness. It can be argued that when the stress
deviation occurs between a thin brace wall and a thick chord wall,
there is an effect of ‘low pressure stress area’. Stress concentrations
drop in the area of the weld toe by analogy with a fluid flow that
abruptly changes direction. This trend is also confirmed by results
of test series S5 as well as by finite element analyses carried out to
determine hot-spot stresses in joints.

Note that the load ratio R=0.1 corresponds to a stress ratio
R = Gmin/0max = 0.1 in details loaded in tension (hot-spot 1 in
Table 2) and a stress ratio R = 6 min/0max = 10 in details loaded in
compression (hot-spot 1c in Table 2). These loadings are closed
to zero-tension loading for R=0.1 and zero-compression loading
for R=10.

Among these applied loadings, details can undergo a fully-ten-
sile loading (brace and chord in tension), a part-tensile/-compres-
sive loading (brace or chord in tension) or a fully-compressive
loading (brace and chord in compression).
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Table 2

175

Hot-spot stress calculations for each joint at location hot-spot 1 for the crown toe on the tension side and hot-spot 1c for the crown toe on the compression side. Joints highlighted
in italics are respectively fully-tensile loaded for hot-spot 1 and fully-compressive loaded for hot-spot 1c. Bold values are the Stress Concentration Factors (SCF) and the hot-spot

stress ranges (Adps).

Joint Hot-spot 1 Hot-spot 1¢
AG ot nom (MPa) SCFtot,1,cor Adpsy (MPa) A6t nom (MPa) SCFeot,1¢,cor Adps1c (MPa)
S6-]3S 251 0.55 139 247 0.55 135
S6-J3N 251 0.55 139 245 0.54 133
S6-J1 242 0.61 148 144 0.53 76
S6-J2 241 0.62 148 145 0.53 77
S6-J5S 177 0.78 139 310 0.91 284
S6-J5N 180 0.78 141 310 0.91 284
S7-]3S 260 0.87 225 241 0.85 205
S7-]3N 260 0.87 225 241 0.85 205
S7-)1 262 0.92 240 133 0.88 117
S7-)2 262 0.92 240 133 0.89 118
S7-]5S 199 045 89 309 0.62 192
S7-J5N 198 0.44 88 309 0.62 192
Table 3

Crack shapes of specimen S6 as a function of cycle numbers (N5 is the number of cycles to through-thickness cracking). Symbols © and * mean respectively ‘not marked’ and

‘beach-mark not identifiable’. The critical crack is highlighted in italics.

Joint no. (S6) Ink mark 90,000 cyc.

Beach mark 140,000 cyc.

Open. N3 = 242,000 cyc.

a (mm) 2¢ (mm) alc a (mm) 2¢ (mm) alc a (mm) 2¢ (mm) alc @ (°)
S6-J3S Tensile 8 52 0.31 16 80 04 25 240 0.21 48
T=30 mm Compress. t ¥ 5 40 0.25 50
S6-]3N Tensile 7 46 0.3 15 75 0.4 25 125 0.4 40
T=30 mm Compress. i B 11 60 0.37 40
S6-J1 Tensile 4 28 0.29 8 42 0.38 19 100 0.38 40
T=30 mm Compress. t ¥ 2 10 0.4 35
S6-J2 Tensile 3 48 0.13 9 60 0.3 20 110 0.36 40
T=30 mm Compress. i B 4 27 0.3 35
S6-J5S Tensile f ¥ 11 60 0.37 30
T=20 mm Compress. t ¥ 11 85 0.26 40
S6-J5N Tensile t : 12 70 0.34 40
T=20 mm Compress. t ¥ 16 100 0.32 30
Table 4

Crack shapes of specimen S7 as a function of cycle numbers (N5 is the number of cycles to through-thickness cracking). Symbol © means ‘not marked’. The critical crack is

highlighted in italics.

Joint no. (S7) Insp. 50,000 cyc.

Ink mark 90,000 cyc.

Open. at N5 =111,000 cyc.

2c (mm) a (mm) 2c (mm) alc a (mm) 2c¢ (mm) alc D (°)

S7-]3S Tensile 45 20 100 04 35 225 0.31 48
T=20 mm Compress. t 1 20 0.1

S7-]3N Tensile 35 18 115 0.31 27 150 0.36 38
T=20 mm Compress. t 1 13 0.15

S7-J1 Tensile f 12 85 0.28 38
T=20 mm Compress. t 2 22 0.18 35
S7-]2 Tensile 20 10 85 0.24 16 90 0.36 40
T=20 mm Compress. t 3 24 0.25 45
S7-J5S Tensile T 0.5 13 0.1

T=30 mm Compress. t 1 18 0.1

S7-J5N Tensile i 1 17 0.12

T=30 mm Compress. t 5.5 35 0.31 40

3.4.2. Crack location

For both specimens, cracks propagate for all non-treated joints
(joints J1, ]2, J3N, J3S, J5N and ]5S). Cracks grow in the chord wall
and along the weld toe whatever the sign of applied stresses, posi-
tive or negative. In total, twelve cracks per specimen are counted.

All these cracks occur at the weld toe in-between braces, at
locations hot-spot 1 for the tensile brace side or hot-spot 1c for
the compressive brace side. According to Tables 3 and 4, hot-spots
where crack initiated were always locations of highest applied
stresses and hot-spot stresses. In addition, other aspects such as lo-
cal weld geometry, local imperfections, high hardness values and
high tensile residual stresses tend to make these positions even
more critical.

Cracks initiate in the heat affected zone HAZ because of contri-
bution of stress concentration, metallurgical discontinuities and
high numbers of dislocations in the HAZ microstructure. Then,
the crack propagates in the base material BM. Apart from the first
2 mm, the crack profile path is essentially within the BM.

3.4.3. Through thickness cracking (defined at N3 cycles)

The first test on specimen S6 is stopped after 242,000 cycles,
when a through crack occurs in joint S6-J3S-1. For the second test,
the through crack is appeared sooner in joint S7-]3S-1 after only
111,000 cycles. At 50,000 cycles, first cracks in joints S7-]J3S-1
and S7-J3N-1 are detected with dye penetrant whereas in
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specimen S6, no crack showed up for the same number of cycles
(see Table 4).

The bigger cracks obtained at the end of fatigue tests are located
at hot-spot 1 on the chord loaded in tension (S6-J3S-1, S6-J3N-1,
$6-J2-1, S6-J1-1/S7-J35-1, S7-J3N-1, S7-]2-1, $7-J1-1). Intermediate
crack sizes are obtained at hot-spot 1c on the chord loaded in com-
pression (S6-J5N-1c, S6-]5S-1¢/S7-J5N-1¢, S7-J5S-1c). Concerning
the smallest cracks, the ranking of their size is different in speci-
mens S6 and S7 and difficult to predict.

Therefore both critical cracks are situated in the joint at the
extremity of the lower chord. However, the shape of their crack
surface is completely different as shown in Fig. 5. Note that both
joints are geometrically the same except for their wall chord
thickness.

The crack that started from the brace weld toe of detail S6-J3S
loaded in tension propagated following a curved path from the
weld toe to the backing ring crown toe, passing underneath the
brace wall and weld, whereas in detail S7-J3S the crack went di-
rectly through the 20 mm thickness of the chord after 111,000
cycles.

3.4.4. S;ps—N curves

Fatigue test results, including all series S1-S7, are reported in
Fig. 6a in the form of logarithmical S;,s—N curves (or Acgns—N
curves). The hot-spot stress range Acgps is taken at hot-spot 1 or
hot-spot 1c. The hot-spot stress range values given in Table 2 are
corrected, using the size effect correction determined by [2] for CI-
DECT, in order to represent the fatigue strength of an equivalent
16 mm thick joint. Therefore, results can be compared between
joints with different wall chord thicknesses. The number of cycles
used in Fig. 6a refers to N3, the number of cycles to half-thick-
ness cracking of the chord wall. Since cracks at hot-spot 1c usually
do not attain the through-thickness, the choice of the half-thick-
ness crack as ‘failure’ criterion is very important to compare results
obtained in compression with others obtained in tension. At half-
thickness, it is found from previous tests that the majority of the
fatigue life (60-80% of the number of cycles to through-thickness
cracking) has usually been consumed. The number of cycles N3 1,
are, for most of joints, interpolated and, for others, extrapolated

Fig. 5. Critical crack shape of joints S6-J3S (T=30 mm) on the top and S7-J]3S
(T=20 mm) on the bottom.

based on the surface crack length 2c. This extrapolation is done
for joints in which cracks almost reached the half-thickness crite-
rion in order to have a uniform comparison basis.

Following [IW recommendations [4], a statistical analysis of re-
sults on fully-tensile loaded details is carried out. The mean S-N
curve is set up through a linear regression analysis with a constant
slope of m = 3 up to the constant amplitude fatigue limit, N = 5-10°
cycles, and a constant slope of m =5 above the constant amplitude
fatigue limit. Then, the characteristic curve is determined at 2.2
standard deviation (for 22 data points) below the mean value of
log N, thus given the reference value of fatigue strength
Srhs (2-105)95% defined as the 95% percentile with a confidence level
of 75% for a two-sided interval. As shown in Fig. 6a, the obtained
reference value at N3 1y, also called the detail category, is 80.

The same analysis is carried out with S;,s—N, data (Fig. 6b)
where N, is the number of cycles at which there is a complete loss
of the joint strength [17]. The N4 value is obtained by multiplying
the number of cycles to through-thickness cracking, N3, by 1.49 [2].
The resulting detail category is 103 which is inferior to the Sgs—N
design curves category 114 recommended by CIDECT for
T=16 mm [1]. A direct comparison is however difficult since the
CIDECT and IIW guidelines [1,20] does not strictly apply to the geo-
metrical parameters (i.e. the SCF and hot-spot stress ranges cannot
be computed using the guideline formulas). The SCF's computed by
these guidelines overestimate the real SCF's for the geometrical
parameters [14], and thus the S-N curve 114 overestimates the fa-
tigue life. The category 100, depicted in Fig. 6b, is more reliable for
the fatigue design of tubular joints with a y < 12.

In Fig. 6a, the detail categories 80 is drawn with the S;,s—N re-
sults under fully-tensile loading used to obtain this curve category
80. The S;ns—N results under fully compressive, part-tensile and
part-compressive loadings are also added in this figure. It is seen
that all these additional data fall on or above the S-N curve cate-
gory 80, meaning that this curve is appropriate to estimate the fa-
tigue strength of joints in tension and in compression. Note that
the data points for details in compression (square symbols) are
drawn with fully effective hot-spot stress range values. Knowing
that tensile residual stress values are high on at least half of the
wall chord thickness (see Fig. 1), it is assumed that the stress range
is entirely effective. Therefore, the effective hot-spot stress range is
taken as the hot-spot stress range Adefrhs = Adhs. If the hot-spot
stress range is not considered as fully effective, the test points
would fall below the S-N curve category 80 implying that joints
in compression have a lower fatigue strength than the rest of
joints. This is not coherent. Only the fully effective model seems
to be acceptable.

4. Discussion
4.1. Crack development under fully-tensile loading

The difference in the number of cycles to through-thickness
cracking (N3) in joints S6-]J3S-1 and S7-J3S-1 indicates a difference
in the crack propagation rate (Tables 3 and 4). It can be easily ex-
plained by the variation between the Aay; 1 of joints S6-]3S and S7-
J3S (hot-spot 1 in Table 2). Since the well-known Paris law [21] is
used to estimate the crack propagation rate for a stable crack
growth in fatigue, the propagation rate is a function of the hot-spot
stress range to the power of m = 3. Roughly, for a same final crack
length, the propagation rate of joint S7-J3S-1 should be approxi-
mately 4 times higher (ratio (225/139)°) than the one of joint S6-
J3S-1. Knowing that in reality ar=25mm in joint S6-]3S-1 and
ar=35 mm in joint S7-]3S-1, then the multiplier is adjusted to 2-
3 times. This estimation is in good agreement with the resulting
propagation rate. Therefore, the change in the crack propagation
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Fig. 6. Fatigue test results (hot-spot stress range values corrected to the equivalent 16 mm thickness) for series S1-S7 and detail categories 80 and 100.

rate between joints S6-J3S-1 and S7-]J3S-1 can be entirely ex-
plained by the variation of the applied stress range.

The angled path followed by the crack varies between joints S6-
J3S-1 and S7-J3S-1 (see Fig. 5). This indicates that the direction of
principal stresses is more affected by brace loads in joint S6-]J3S-1
than in joint S7-J3S-1. Indeed, applied stress values in the 30 mm
wall chord (S6-J3S) underneath the brace in compression are smal-
ler than in the 20 mm wall chord (S7-J3S). Therefore, for approxi-
mately the same brace stresses, the proportion of brace stresses
is higher in joint S6-]J3S-1 explaining why the crack turns around
the brace wall toe and do not cut across the chord wall. In joint
S7-J3S-1, the crack turns toward the brace at mid-chord thickness,
however chord stresses are high enough to change their direction
and drive the crack path through the chord wall. Despite the fact
that the applied stress range in joints J1-1 and J2-1 is higher, they
are less critical than in joints J3S-1 and J3N-1, stressing again the
importance of the brace stress proportion.

Therefore, cracks occurring at hot-spot 1 under fully-tensile
loading are driven by applied stresses. Their propagation rate is
influenced by the applied stress range magnitude and their crack
path seems to be strongly dependent on the applied stress range
distribution and especially the proportion of brace stresses. In
other words, the residual stress field does not affect the crack
growth in details loaded in tension.

4.2. Crack development under fully-compressive loading

Previous conclusions are not applicable to cracks at hot-spot 1c
(fully-compressive loading). For instance, it is seen in Fig. 7 repre-
senting the crack depth development followed using the ACPD
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=
5.
S7J5N-1¢
§7-J1-1¢
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0 50000 100000 150000
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200000 250000

Fig. 7. Fatigue crack development in the monitored joints.

measurements that the crack propagation rate at hot-spot 1c is
quite similar in joints S6-J5N-1c and S7-J5N-1c, whereas hot-spot
stress magnitudes are different. In addition, the crack angle seems
to be maintained through the thickness independently of applied
stress distribution. Hence at hot-spot 1c the crack path is mainly
influenced by the tensile residual stresses.

To understand how a crack can develop under fully-compres-
sive fatigue loading, the experimental stress intensity factor SIF
ranges are deduced and plotted from ACPD measurements as a
function of the meaured crack depth (Eq. 1). Fig. 8 gives evidence
that, under compressive and tensile applied stresses, the effective
SIF range AKe is still positive explaining why cracks propagate
even under compressive loads. The effective SIF range AKc¢ is de-
fined in Eq. 3 [22].

AKeff = Kappmax - Kop = Kapp.max + (Kres + Kpl) < AKapp (3)
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Fig. 8. Stress intensity factor range in joint S6-J5N versus the crack depth d*
measured at different probe position along the crack length (log-log scale).

In compression, the applied maximum and minimum SIFs,
Kapp.max and Kapp min, are both negative for all crack depths. A posi-
tive effective SIF range AKe still occurs in compression because
the SIF due to high tensile residual stresses, K., is positive. The
SIF due to crack closure, Kp, is negative, however always lower in
magnitude than K, resulting in a negative crack closure stress,
Kop. Since Kop is less than Kuppmax for all crack depths, AKe is
positive, and thus the crack is able to propagate. Fig. 8 indicates
that AKeg remains positive at least to a depth of 15 mm. Note that
in details loaded in tension, the AK is positive with or without
presence of tensile residual stresses.

Tensile residual stresses play a significant role in crack propaga-
tion since they enable cracks to propagate at locations where
applied compressive stresses are high.

4.3. Crack development under party-tensile and party-compressive
loading

Crack propagation at hot-spot 1c on the chord loaded in tension
(part-compressive loading) or hot-spot 1 on the chord loaded in
compression (part-tensile loading) is more complex to explain.
For instance, in comparing the crack in detail S6-]5N-1 (part-ten-
sile loading) and the crack in detail S6-J3S-1 (full-tensile loading),

cracks initiate and propagate with totally different rates despite
the fact that both details have almost the same hot-spot stress
range (see Table 3). It appears that, for the same hot-spot stress
range, cracks grow slowly in details submitted to part-tensile
loading.

The cracks in details S7-J3N-1c and S7-J3S-1c (part-compressive
loading) are also compared to cracks in details S7-J5N-1c and S7-
J5S-1c (fully-compressive loading) presenting similar hot-spot
stress range (see Table 4). Since cracks occur under compressive
loading, it is clear that the crack development depends on the ten-
sile residual stress field. It is seen that the critical crack occurs in
fully-compressive loaded details even though cracks grow quite
similarly in other details. It is worth noting that crack sizes are
too small to draw a definite conclusion.

An explanation may be proposed for this phenomenon. For part-
tensile loading, the crack initiates in the surface at hot-spot 1 un-
der tensile loading and grows in the depth of the wall chord thick-
ness under more and more compressive loading. For part-
compressive loading, the stress field on the crack path is reversed.
In other words, the part-tensile or part- compressive loading is the
transition between a tensile loading type and a compressive load-
ing type, thus between two different fatigue crack behaviors. The
maximum crack opening is shifted under tensile and compressive
loading (under Q. in tension, under Qu,i, in compression) involv-
ing a disturbance that probably slows down the crack propagation.

4.4. Crack depth evolution

The evolution of the crack growth is shown in Fig. 9. The crack
propagation rate is given as a function of the measured crack
depth. Fig. 9 shows different trends under tensile and compressive
loadings.

Crack initiation and growth in joint S6-J5N first occurs from
hot-spot 1c (S6-J5N-probe5 at 12,000-16,000 cycles, compression
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Fig. 9. Measured crack propagation rates in joint S6-J5N as a function of the crack
depth d* measured at different probe position along the crack length (log-log scale).
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brace side). Then, a crack starts to develop from hot-spot 1
(S6-J5N-probel at 25,000-30,000 cycles, tension brace side). The
propagation rate increases on the tensile brace side whereas it
decreases on the compressive brace side. This difference in the
crack propagation rate evolution is also demonstrated in Fig. 7:
an exponential increase is pointed at hot-spot 1 (S6-J5N-1, S7-J1-
1) and a decrease at hot-spot 1c (S6-J5N-1¢, S7-J5N-1c).

In Fig. 9, the inflexion point of the curve corresponds to a crack
depth d* of the order of 5 mm in the crack plane (or 4 mm in the
vertical plane). At that point, tensile residual stresses become
smaller as seen in Fig. 1. Therefore, cracks on the sides of tension
and compression braces continue to grow with different rates.

4.5. Fatigue strength estimation

In Fig. 6, an unexpected result is clearly seen: details loaded un-
der fully- or part-compressive loading in tests do not have a differ-
ent behavior than details loaded under tension. This figure proves
that details in compression are not safer than others.

To simplify the fatigue life estimation for details loaded in com-
pression, it is proposed to assume conservatively that the applied
stress range is entirely tensile. Then, details with y <12 loaded in
both tension or compression can be designed with detail category
100, taking the applied stress range as S5 value. The fact that de-
tails in compression did not reach the through-thickness failure
criterion is discussed below. The detail category 100 estimates
more accurately the effect of size on the fatigue strength of welded
tubular joints. It is more consistent with the hot-spot fatigue S-N
curve category 100 proposed in the IIW and Eurocode 3, Part 1-9
annex B for full penetration welds carrying loads. In order to keep
the same predicted resistance (known to be reliable) and compen-
sate for the overestimated SCF, the SCF values given in CIDECT and
[IW guidelines have to be reduced. A reduction factor of 100/114
applied to formulas for SCF could be an elegant solution to update
the CIDECT and IIW recommendations.

To make the distinction between the consequences of fatigue
cracks in details loaded in tension and compression, a partial resis-
tance factor yue=1 is chosen for details in compression (damage
tolerant design, low consequence of failure according to in Euro-
code 3, Part 1-9) and yys = 1.35 for details in tension (safe life, high
consequence of failure).

It is worth noting that in Fig. 6, some corrected values fall well
above the design curve, especially the ones related to joints with
30 mm chord wall thickness. The size effect is not perfectly cor-
rected with the correction factor used in this study [2]. Also, the
tests with non-proportional sizing, i.e. series S5, are not corrected
as well as other series.

5. Conclusions

Two fatigue tests are performed on large-scale specimens, rep-
resentative of typical bridge construction. Crack development is
followed in the welded tubular K-joints in order to determine the
influence of the tensile residual stresses on fatigue behavior.
Experimental investigations on the tubular truss specimens are
carried out with a load ratio R = 0.1. Therefore, details in tension
are tested almost under zero-tension loading (R=0.1) and details
in compression under almost zero-compression loading (R = 10).
The following conclusions can be drawn from the present study:

e Cracks occurring at hot-spot 1 under fully-tensile loading are
driven by applied stresses, especially the proportion of brace
stresses, influencing the crack shape, the propagation rate and
the stress intensity factor. The residual stress field does not
affect the fatigue crack growth in details loaded in tension.

e Cracks occurring at hot-spot 1c under fully-compressive loading
are due to the presence of high tensile residual stresses making
the fatigue cycle partly or entirely effective to crack propaga-
tion. Based on Alternating Current Potential Drop measure-
ments (ACPD), it is shown that the stress intensity factor
range remains highly positive within the range of measurement
depths (up to 15 mm). Therefore, in tested K-joints, tensile
residual stresses play a significant role in fatigue crack propaga-
tion since they enable cracks to propagate up to at least half of
the chord wall thickness under applied compressive stresses.
Cracks occurring at hot-spot 1 under part-tensile loading or at
hot-spot 1c¢ under part-compressive loading are more complex
to analyze since they show a transitional behavior between ten-
sile and compressive loadings. Despite this fact, their fatigue
strength is not significantly better than the details under
fully-tensile loadings.

It is seen from test results that, if through thickness cracking is
considered as the fatigue failure criterion, details loaded in
compression are not the first to fail. The critical cracks are
located at hot-spot 1 for each test, in joints combining the high-
est hot-spot stress range with the highest proportion of brace
stresses. However, if the failure criterion is the half-thickness
crack, details loaded under compression also reach that crite-
rion at about the same number of cycles. The half-thickness
crack, propagated under tensile residual stresses and compres-
sive applied loads, may continue to propagate and cause the
failure of the joint. Therefore, details in compression are not
safer than the others and have to be designed in fatigue.

To be consistent, which is not the case for the failure criterion in
the codes, a strength curve S;,s—Nf category 100 for T=16 mm is
recommended to design all (tension or compression) CHS K-joints
with 7 < 12. Note that the size effect correction from CIDECT have
to be applied to use this curve. On the loading side, the hot-spot
stress range should be determined with the correct real SCF and ta-
ken as the total applied hot-spot stress range. For consistency
again, a distinction between the failure consequence of fatigue
cracks in details loaded in tension and compression is made
through the partial strength factor value (according to Eurocode3,
Part 1-9): yme= 1 for details in compression and = 1.35 for de-
tails in tension.
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