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The fatigue resistance of welded connections made of high strength steel (HSS) is one of the most important
topics for the application of HSS in the construction sector. One of the most challenging issues is how to predict
the fatigue life of welded structures with complex geometry based on the test results from relatively simple
coupon specimens. However, there are generally pre-existing residual stresses in the welded coupon specimens
during fatigue tests, and these residual stresses vary greatly in welded structures with complex geometry. This
increases the difficulty in predicting the fatigue behaviour of welded structures based on results at coupon scale.
Hence, it is important to establish a relationship between the residual stress independent material characteristics
and fatigue life. The fatigue behaviour of complex welded structures can be predicted by this residual stress
independent material characteristics calibrated at the coupon level and simulated local residual stress distri-
bution. In this paper, the residual stress-free characteristics, hardness, is employed to predict the fatigue life of
butt-welded joints. Besides, the residual stress of V-shaped butt welds on a plate made of high strength steels are
analysed by modelling of the welding process based on subsequent thermal analysis and mechanical stress
analysis by implementing kill/birth strategies. The results show that it contributes to a better prediction
compared with experimental results after considering the residual stress effects.

1. Introduction

temperature increase, followed by subsequent cooling to room temper-
ature. This process leads to defects, misalignments, and residual stresses

High strength steel (HSS) could provide economical solutions for
highly loaded slender members in long-span or high-rise structures [1-
3]. Despite the benefits of increased yield strength, the fatigue resistance
of steel structures especially welded connections, is one of the most
important concerns [4]. Nowadays, the main methodology to determine
the fatigue behaviour of the complex steel structures is through exper-
imental observations [5]. The long test period and expensive costs are
the main complaints of such larger fatigue tests. It is necessary to use
computer-aided methods to complement large-scale fatigue tests. One of
the most challenging issues is how to predict the fatigue life of welded
structures with complex geometry based on test results from relatively
simple coupon specimens.

Welding technology makes the connections of steel structures simple
and convenient. However, local welding heat introduces an abrupt
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because of the restrained shrinkage of the heated zone by the sur-
rounded cooler zone. The residual stress will affect fatigue crack initi-
ation and propagation at the welded joints [6-8]. Teng et al. [9,10]
evaluated the residual stress effect on the fatigue lifetime of butt welded
plates based on thermal elastic—plastic analysis and the strain-life
method. Dong et al. [11] assessed the residual stress effect on fatigue
crack initiation of fillet welds after ultrasonic impact treatment based on
the local strain approach. Xin et al. [8] investigated residual stresses on
fatigue crack initiation of butt-welded plates made of high strength
steels. Results showed that residual stresses influence fatigue crack
initiation position and the fatigue behaviour of butt-welded plates. A
relatively simple engineering approach that neglects the phase trans-
formation effects and that evaluates whether it is possible to predict the
fatigue crack growth rate of welded joints based on the parent material
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based on fatigue experiments has also been discussed by Xin [7]. Results
showed that it is promising to predict fatigue crack growth rate pa-
rameters based on the parent material and residual stresses if fatigue
experiments are unavailable due to cost and time limitations.

Residual stresses already exist in welded coupon specimens during
fatigue tests, but these residual stresses change a lot in welded structures
with complex geometry. This increases the difficulties in predicting the
fatigue performance of welded structures or joints with complex ge-
ometry based on fatigue test results conducted at coupon scale. Hence, it
is important to build a relationship between residual stress independent
material characteristics and fatigue life.

A residual stress-free property, hardness, is a good alternative to
predict the fatigue life of welded joints. Bandara et al. [12,13] proposed
a full range of stress-life curves, that describe fatigue S-N curve variation
from the first cycle (at ultimate tensile strength) up to 10° cycles (giga-
cycles) based on the ultimate tensile strength and Vickers hardness.
Strzelecki & Tomaszewski [14] presented an analytical study on fatigue
behaviour of materials and construction elements based on hardness
measurements, where they employed a relationship between hardness
and tensile strength, as well as a fatigue limit. Correia et al. [15] sug-
gested a generalization of the Kohout-Vechet fatigue model, a full-range
curve from quasi-static monotonic loading to long-term cyclic loading,
for different local fatigue damage criteria based on stress, strain, and
energy. Roessle and Fatemi [16] used hardness and elastic modulus to
predict strain-controlled fatigue properties of the ASE steel series. Re-
sults showed that strain-fatigue life could be approximately predicted
using hardness. Shamsaei and Fatemi [17] use hardness parameters to
predict the fatigue performance of stainless steel exposed to a wide
range of loading conditions. The results showed that the experimental
fatigue life agreed well with predicted values based on hardness. The
research studies discussed above focused mainly on the fatigue life
prediction of the base material using hardness. Frankel et al. [18] pro-
posed a model by fitting data on hardness versus residual stress that can
be applied to estimate the residual stresses in metallic materials. The
fatigue life prediction of butt-welded joints made of high strength steels,
based on hardness measurements, residual stress effects and the hot-spot
concept, is the main discussion of this paper.

Accordingly, the residual stress-free property, hardness, is employed
to predict the fatigue life of butt-welded joints using a full range of S-N
curves based on hardness values in this paper. Besides, the residual stress
of HSS V-shaped butt welds joints is thoroughly analysed by modelling
of the welding process based on subsequent thermal analysis and me-
chanical stress analysis by implementing kill/birth strategies. The re-
sidual stress effects on the fatigue life prediction of butt-welded joints
made of HSS using hardness values and the hot-spot concept are
discussed.
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Fig. 1. Illustration of the full range S-N curve using hardness values [13].
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2. Fatigue life prediction using hardness measurements
2.1. Full range S-N curves based on hardness measurements

A full range S-N relationship, see Fig. 1, including low cycle fatigue
(N < 104), high cycle fatigue (104 <N 107), and very high cycle fa-
tigue (N > 107), is proposed by Bandara et al. [12,13], to predict the
fatigue life of steels exposed to axial loading. The cycle-dependent fa-
tigue strength is expressed in Eq. (1), and the related parameters could
be predicted through Egs. (2)-(7).
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where the slope b is in the range of —0.12 to —0.21, and is suggested to
be —0.20 in Ref. [13]. B is the number of cycles to failure at the 1st knee
point.Ny is the number of cycles to failure at the 2nd knee point. Ngcr is
the number of cycles to failure in the gigacycle region, assumed to be 1 x
10°. oy is the ultimate tensile strength. H, is the Vicker’s hardness. oscr
is the fatigue strength in the gigacycle region.

2.2. Hardness measurements

The hardness of two types of butt-welded connections made of high
strength steels S690, including VR690 joints that made between rolled
steel S690 and rolled steel S690, CR690 joints that made between rolled
steel S690 and cast steel G10MnMoV6-3 is experimentally investigated
by Akyel [19].For S690, the yield strength and ultimate strength is 790
MPa and 847 MPa respectively, and the uniform elongation is 15%. For
G10MnMoV6-3, the yield strength and ultimate strength 743 MPa and
799 MPa respectively, and the uniform elongation is 18.6%. The hard-
ness measurements based on ISO-6507[20] were performed on the weld
cross-section on the cap of the weld (CW), in the middle of the weld
(MW), and at the root of the weld (RW) with an applied load of 9.807 N.
The average value of all positions is denoted as AP. The hardness mea-
surement locations are illustrated in Fig. 2. Noted that the width of the
heat-affected zone is assumed to be 0.2 mm. The hardness distributions
of VR690 joints and CR690 joints are shown in Figs. 3 and 4. The
hardness value is largest at the heat affected zone while is smallest at the
base materials for the cap of the weld and the middle of the weld, while
the trend is not obvious for the root of the weld. The average value of
hardness is listed in Tables 1 and 2. The results showed that the hardness
value at the root of the welds is generally smaller than it at the cap of the
weld and in the middle of the weld.

2.3. Fatigue life prediction using hardness values and hot-spot concept

The geometry of the butt-welded plate made of high strength steel is
shown in Fig. 5-a, with a width of 160.0 mm, a length of 1000.0 mm, and
a thickness of 25.0 mm. The plate width is reduced to 150 mm in the
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Fig. 2. Hardness measurement locations on a weld cross-section [19].
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Fig. 3. Hardness distribution of VR690 joints [19].

middle of the specimen. Tests [19] of four types of butt-welded joints
were conducted under cyclic loading at the Stevin II lab at the Delft
University of Technology. The fatigue life, nominal strain range, and
hot-spot stress range are summarized in Tables 3 and 4. The nominal
strain range is measured through strain gauges shown in Fig. 5-b. The
hot-spot stress of the critical position in Fig. 6 is calculated based on Egs.
(8) and (9) recommended by IIW [21]. The calculated hot-spot stresses,
according to linear and quadratic extrapolations, respectively, obtained
by Egs. (8) and (9), are summarized in Tables 3 and 4 in terms of
different welded joints. A discussion about the hot-spot stresses evalu-
ation based on linear and quadratic extrapolation methods applied to
finite element results and compared with experimental data for welded
joints has been done by Lee et al. [22].

LE : 64 = 1.67604 — 0.6761 o; ®

QE : 0}y = 2.5200.4; — 2.240609, +0.720, 4 )

As shown in Fig. 7, fatigue cracks were initiated around the heat
affected zone at the position “cap of welds” illustrated in Fig. 2. Hence,
the hot-spot stress at different fatigue crack initiation life is calculated
based on Egs. (1)-(7) using the measured hardness at the position “cap
of welds”. The predicted hot-spot stresses based on linear and quadratic
extrapolation methods are listed in Tables 5 and 6 for VR690 joints and
Tables 7 and 8 for CR690 joints, respectively. A comparison between
experimental results and the predicted fatigue life using the hardness
value is shown in Fig. 8 for VR690 and Fig. 9 for CR690 joints, respec-
tively. The results show that the predicted fatigue strength based on
hardness is larger than from experimental observations. During the
welding, the local heat introduces an abrupt temperature increase, fol-
lowed by subsequent cooling to room temperature. A possible reason for
the overestimated fatigue strength is lack of residual stress consideration
(see Table 9).

Residual stress is calculated as the difference between predicted and
experimental stresses. The predicted residual stress based on hardness
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Fig. 4. Hardness distribution of CR690 joints [19].

Table 1
The hardness of VR690 (Unit: HV).

Positions Welds Heat Affected Base Materials
Zone (HAZ) (BM)
Ave. Std. Ave. Std. Ave. Std.
Cap of the weld (CW) 301.85 13.56 323.09 57.91 258.96 5.56
Middle of the weld 289.22 11.29 287.50 12.63 241.42 20.18
™Mw)
Root of the weld (RW) 221.12 20.00 257.48 35.62 224.47 23.78
All Positions (AP) 283.63 14.13 292.29 48.89 235.55 24.42
Table 2
The hardness of CR690 (Unit: HV).
Positions Welds Heat Affected Base Materials
Zone (HAZ) (BM)
Ave. Std. Ave. Std. Ave. Std.
Cap of the weld (CW) 324.39 15.98 346.20 60.71 282.54 41.04
Middle of the weld 287.59 9.98 298.97 29.23 307.62 40.66
(MW)
Root of the weld (RW) 221.65 22.98 268.63 43.47 298.29 42.84
All Positions (AP) 298.42 15.98 307.75 54.88 294.44 41.80

using linear and quadratic extrapolation methods is summarized in
Tables 5 and 6 for VR690 joints and Tables 7 and 8 for CR690 joints,
respectively. For VR690 joints, the predicted residual stresses at the
critical position using both linear and quadratic extrapolation is 0.330,
based on weld hardness, 0.390,based on hardness of the heat-affected
zone (HAZ), and 0.230, based on hardness of the base material. For

CR690 joints, the predicted residual stress at the critical position using
linear extrapolation is 0.35¢, based on weld hardness, 0.400y based on
hardness of the heat-affected zone (HAZ), and 0.255, based on hardness
of the base material; using quadratic extrapolation, the predicted re-
sidual stress at the critical position is 0.340, based on weld hardness,
0.400, based on hardness of the heat-affected zone (HAZ), and 0.240,
based on hardness of the base material.

3. Residual stress prediction

In order to validate residual stresses based on hardness and test re-
sults, the welding process is numerically simulated to obtain the residual
stress distribution. The details of the simulation are described in this
section.

3.1. Material properties and welding procedures

The angle of the weld groove is 60° and the plates were welded by
flux-cored arc welding (FCAW) using a ceramic backing plate. The
macro graph of butt welds is shown in Fig. 10-a with the fusion and heat
affected zone boundary marked with red lines. There are 23 welding
layers for the butt welded joints [23]. The butt-welded joints were
simplified as four passes to save the computational time, as shown in
Fig. 10-b. Fig. 11 shows the temperature state for the assumed welding
process, including the initial status, the spot welding, the first pass, the
second pass, the third pass, the fourth pass, and the final state, cooling
down to the room temperature same as the initial state.

Modelling of the welding procedure has been carried out using
commercially available FEA software, ABAQUS [24]. A sequentially
coupled thermo-mechanical analysis has been performed, where the
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Fig. 5. The geometry of butt welded plates (Unit: mm).
Table 3
Fatigue life summary of VR690 joints.
ID  Initiation Failure Nominal Strain Hot-spot Hot-spot
Life Life Range (x10©) stress by LE stress by QE
(MPa) (MPa)
1 378927 983687 967 204 208
2 208560 684565 1086 229 233
3 413035 644946 1052 222 226
4 166843 522021 1219 257 262
5 198636 551732 1205 254 259
6 337073 584540 1162 245 250
7 153723 362879 1224 258 263
8 186480 321962 1357 286 292
9 161106 243422 1476 311 317
Table 4
Fatigue life summary of CR690 joints.
ID  Initiation Failure Nominal Strain Hot-spot Hot-spot
Life Life Amplitude (x10 stress by LE  stress by QE
©) (MPa) (MPa)
1 - 4602408 967 204 208
2 393318 621920 1210 255 260
3 660161 1260937 1214 256 261
4 626931 854386 1057 223 227
5 890585 1141717 1081 228 232
6 534523 969052 1262 266 271
7 216127 367946 1443 304 310
8 166295 294947 1381 291 297
9 73537 149284 1529 322 329
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| 31.8 mm |
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Fig. 7. Positions of initiated fatigue crack of butt-welded joints [19].

Table 5
Predicted hot-spot stress based on linear extrapolation for VR690 joints using
hardness at position “cap of welds”.

Initiation Hot-spot Predicted Value (MPa)  Residual stress (MPa)
Life stressbyLE 45 HAZ BM  Welds HAZ  BM
(MPa)

378927 204 474 511 403 270 307 199
208560 229 487 525 413 258 296 184
413035 222 472 509 401 250 287 179
166843 257 492 531 418 235 274 161
198636 254 488 526 414 234 272 160
337073 245 476 514 405 231 269 160
153723 258 494 533 419 236 275 161
186480 286 489 528 416 203 242 130
161106 311 493 532 419 182 221 108
Average 233.2 271.4  160.2

temperature field was introduced as a predefined field in the mechanical
analysis. The stress-strain relationship of S690 steel is shown in Fig. 12
based on material tests at elevated temperature reported in ref. [25].
Additional thermal properties used in the FEA, shown in Fig. 13, are
calculated based on the chemical composition in alloys of S690 steel as
reported in ref. [26]. The annealing temperature is assumed as 1000 °C
indicating that the plastic strains at the material points are setting to
zero when the temperature is above it to consider the phase transition
effect. The low end of the temperature range and the high end of tem-
perature range within which the phase change occurs is assumed as
1450 °C and 1500 °C, respectively. The latent heat is assumed to be 247
J/g for consideration of released and absorbed thermal energy during
the first-order phase transition.
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Table 6
Predicted hot-spot stress based on quadratic extrapolation for VR690 joints
using hardness at position “cap of welds”.

Initiation Hot-spot Predicted Value (MPa) Residual stress (MPa)
Life stressby QE (v lds  HAZ BM  Welds HAZ  BM
(MPa)
378927 208 474 511 403 266 303 195
208560 233 487 525 413 254 292 180
413035 226 472 509 401 246 283 175
166843 262 492 531 418 230 269 156
198636 259 488 526 414 229 267 155
337073 250 476 514 405 226 264 155
153723 263 494 533 419 231 270 156
186480 292 489 528 416 197 236 124
161106 317 493 532 419 176 215 102
Average 228.3 266.6 155.3
Table 7

Predicted hot-spot stress based on linear extrapolation for CR690 joints using
hardness at position “cap of welds”.

Initiation Hot-spot Predicted Value (MPa)  Residual stress (MPa)
Life sress by LE -\ lds  HAZ BM Welds HAZ  BM
(MPa)
- 204 469 504 404 265 300 200
393318 255 503 541 432 248 286 177
660161 256 489 526 421 233 270 165
626931 223 496 534 427 273 311 204
890585 228 491 528 423 263 300 195
534523 266 494 531 425 228 265 159
216127 304 514 553 442 210 249 138
166295 291 519 559 446 228 268 155
73537 322 536 578 460 214 256 138
Average 240.2 278.3 170.1
Table 8

Predicted hot-spot stress based on quadratic extrapolation for CR690 joints using
hardness at position “cap of welds”.

Initiation Hot-spot Predicted Value (MPa) Residual stress (MPa)
Life stressby QF (v lds  HAZ BM  Welds HAZ  BM
(MPa)

- 208 469 504 404 261 296 196
393318 260 503 541 432 243 281 172
660161 261 489 526 421 228 265 160
626931 227 496 534 427 269 307 200
890585 232 491 528 423 259 296 191
534523 271 494 531 425 223 260 154
216127 310 514 553 442 204 243 132
166295 297 519 559 446 222 262 149
73537 329 536 578 460 207 249 131
Average 235.1 273.2  165.0

The boundary conditions for the butt-welded plate during mechan-
ical analysis are presented in Fig. 14. The butt-welded plate is supported
by four plates with two on the bottom and the other two on the top. The
bottom surface of the bottom plates and the top surface of the top plates
are fixed. General contacts were built between support plates and butt-
welded plates with “hard” for normal direction and “penalty, friction
coefficient 0.1” for tangential direction. Convection and radiation are
considered by applying surface film contact with a coefficient of 15 W/
(m? K) and surface radiation contact with emissivity, 0.9.

The welding torch is modelled with a heat boundary 1500 °C be-
tween the current welding fusion zone and the neighbouring zone. The
current fusion elements are activated with a prescribed temperature of
1500 °C in the whole model after the welding torch passed the current
fusion zone simulated by the steady heat transfer with defined pass time.
Furthermore, additional fusion elements sets are created by the same
nodes of welding elements used in the kill/birth simulation, and they are
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assigned a very small elastic modulus during mechanical analysis. Two
element types, weld elements and soft elements, exist at the same po-
sition on the welding fusion zone. The soft elements are excluded in the
kill/birth simulation, and they deform with neglected resistance during
mechanical analysis. Because the weld elements and soft elements share
the same nodes, the positions of the weld elements also change due to
the deformation of the soft elements.

3.2. Residual stress distribution

Fig. 15 shows the ratio of residual stress to yield stress along the
welding direction based on FE analysis through-thickness at 5.0, 12.5,
20, and 35 mm from the centre of the welding line. Obtained results
show that tensile residual stress along the welding direction is observed
at 5.0, 12.5, 20 mm from the centre of the welding line, while
compressive residual stress along the welding direction is found at 35
mm from the centre of the welding line. Park et al. [27] measured the
welding residual stress of multi-pass butt-welded plates with a thickness
of 25 mm and made of steel grade S460 using the neutron method. The
FE residual stress pattern is validated here by comparing the FE results
and those experimental results, and a satisfactory agreement is obtained.
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Table 9
Comparisons between the average residual stress based on hardness and FE simulation.
VR690 CR690
Positive Side Negative Side Average Positive Side Negative Side Average
Welds LE 14.70% 27.37% 21.04% 12.14% 25.19% 18.67%
JR— QE 16.49% 28.90% 22.70% 14.00% 26.78% 20.39%
HAZ LE 0.73% 15.47% 8.10% 1.79% 13.32% 7.56%
QE 0.07% 16.97% 8.52% 2.49% 14.91% 8.70%
BM LE 41.40% 50.11% 45.76% 37.78% 47.02% 42.40%
QE 43.20% 51.63% 47.42% 39.65% 48.61% 44.13%

. VO69x

| CO69x

(a) Graph of butt welds [19]

| 13 Y4

25

Base
Material

(b) Geometry and mesh of butt welds

Fig. 10. The geometry of butt-welded plates made of high strength steel (mm).

Note that a qualitative comparison of the stress distributions is consid-
ered since the steel grade was different in both cases. In the current
study, 23 layers were simplified as four passes; the justification of these
assumptions should be further investigated.

Fig. 16 shows the residual stress along the specimen length both in
the welding direction and vertical to welding direction at t = 0, 12.5,
and 25 mm in the thickness direction in the middle of the specimen.
Based on Fig. 15-b, the residual stress along the transverse direction at
the critical position (t = 25.0 mm) is determined to be 273.4 MPa when
the distance from centre x = 15.4 mm, and is determined to be 321.08
MPa when the distance from centre x = —15.4 mm.

3.3. Residual stress comparisons

Comparisons between the average residual stress based on the
measured hardness and FE simulation are quantified using Eq. (10) and
summarized in Table 7. The average difference between the simulated
residual stress and predicted residual stress using weld hardness is

21.04% and 22.70% for VR690 joints using LE and QE, respectively, and
is 18.67% and 20.39% for CR690 joints using LE and QE, respectively.
The average difference between the simulated residual stress and pre-
dicted residual stress using hardness of heat affected zone is 8.10% and
8.52% for VR690 joints using LE and QE, respectively, and is 7.56% and
8.70% for CR690 joints using LE and QE, respectively. The average
difference between the simulated residual stress and predicted residual
stress using hardness of the base material is 45.76% and 47.42% for
VR690 joints using LE and QE, respectively, and is 42.40% and 44.13%
for CR690 joints using LE and QE, respectively.

} Ao—test,i - Aapredicted,i }

Agpredicted i

RME = (10)

The results show that the residual stress predicted based on the
hardness of the heat-affected zone (HAZ) agreed best with FE simula-
tions among comparisons based on using the measured hardness of the
weld, the heat-affected zone (HAZ), and the base material. This also
agrees well with the failure modes where the fatigue crack is initiated
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Fig. 11. Predicted temperature distribution during the welding process (Unit: °C).
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Fig. 12. Stress-strain relationship of S690 Steel [25].

near the heat-affected zone for the butt welded joints made of high
strength steel S690. Besides, the simulated residual stress at the positive
distance side agrees better with the hardness predicted residual stress
than the corresponding simulated residual stress at the negative distance
side.

The differences in predicted residual stress between LE and QE are
quite small. The predicted residual stress based on LE is used to improve
fatigue life prediction, as shown in Figs. 17 and 18. After considering the
residual stress, the predicted S-N curve agrees better with the test
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Fig. 13. Thermal and mechanical properties of S690 steel versus tempera-
ture [25,26].

results.
4. Conclusions

One of the most challenging issues is how to predict the fatigue life of
welded structures with complex geometry based on test results from

relatively simple coupon specimens. Difficulties in predicting welded
structural steel fatigue behaviour based on results at the coupon level
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Fig. 15. Comparisons between FE analyses and experimental results [27].
are greater in the presence of pre-existing residual stresses in the welded The following conclusions may be drawn from this study:

coupon specimens as residual stresses vary a lot in welded structures
with complex geometry. In this paper, a residual stress-free property,
hardness, is employed to predict the fatigue life of butt-welded joints.
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Fig. 16. Residual stress distribution along the specimen length.
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Fig. 17. Fatigue life comparison between prediction using hardness measure-
ments considering residual stress effects and experimental observations for
VR690 joints.
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Fig. 18. Fatigue life comparison between prediction using hardness measure-
ments considering residual stress effects and experimental observations for
CR690 joints.

(1) The full range of S-N curves based on hardness measurements
without considering residual stress effects overestimates fatigue
life of butt-welded joints.

(2) The experimental fatigue data of butt-welded joints made of high
strength steels based on hardness measurements and using the
hot-spot concept seem to be useful to estimate residual stress
effects.
Residual stress is calculated as the difference between predicted
and experimental stresses. The predicted residual stress at the
root of the welds is 0.24-0.39¢, for VR690 joints using hardness
at different positions, and the predicted residual stress at the root
of the welds is 0.25-0.400, for CR690 using hardness at different
positions.

(4) The residual stress predicted based on hardness of the heat-
affected zone (HAZ) agrees best with FE simulations with a
maximum error of 8.52% for VR690 joints and 8.70% for CR690
joints, for failure modes where the fatigue crack is initiated near
the heat-affected zone for the butt welded joints made of high
strength steel S690. Besides, the simulated residual stress at the
positive distance side agreed better with hardness predicted re-
sidual stress than the simulated residual stress at the negative
distance side. After considering residual stresses, the predicted S-
N curve agrees better with test results than they do when residual
stresses are not considered.
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