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Steel Orthotropic Bridge Decks (OBDs) are widely used in long-span and movable bridges. Fatigue resistance
analysis plays an important role in the design or assessment of OBDs. One possible fatigue failure is the crack
initiating from the weld root of stiffener-to-deck plate connections at crossbeams. A full-scale experimental
investigation in this study using a 20 mm thick deck plate with a dimension of 9.4 m x 5.1 m, including three
crossbeams, represents the modern designed OBDs. The experiments show an arrest of crack propagation with
a final crack depth of approximately 75% of the deck plate thickness. On the contrary, through thickness cracks
develop in deck plates of 10 or 12 mm. Hot spot stress based fatigue detail categories (DC) using various failure
criteria derived from the tests. Analysis with the effective notch stress shows that the DC has low sensitivity
to the amount of weld penetration. The results of analyses with the eXtended Finite Element Method (XFEM),
employed to analyse the fatigue crack propagation path and crack arrest, are in line with the experimental

study.

1. Introduction

Steel Orthotropic Bridge Decks (OBDs) are commonly used for long-
span and movable bridges. An OBD consists of a deck plate, stiffened by
open or closed longitudinal stiffeners and transverse crossbeams. Char-
acteristics like low self-weight, and fast construction make it attractive
for new bridge designs and existing bridge deck replacements [1-4].
In the service life, fatigue cracks have been found in OBDs since the
early 1970s [2,5,6]. Fig. 1 shows a representative OBD with the poten-
tial crack locations in the stiffener-to-deck plate welded connections.
This connection is subjected to high stresses caused by local wheel
loading of crossing lorries. Fatigue cracks may occur from the weld
toe (types Cla and C2a) or the weld root (types Clb, Clc, and C2b)
of the connection and propagate into the deck plate (types Cla, Clb,
and Clc) or the stiffener (types C2a and C2b). Root cracks normally
have lower fatigue resistances than toe cracks [7]. Root cracks may
initiate in span (type C1b) or at the crossbeam intersection (type Clc).
This paper studies the latter type, Clc, which accounts for a large
proportion of fatigue cracks inspected [8-10]. Back surface breaking
cracks (through thickness cracks) were observed in both the laboratory
tests and in-site inspections [1,2,9,11,12]. The studies demonstrate that
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Clc has a relatively long crack propagation period due to the stress
redundancy [9,12], which is confirmed by fracture mechanics calcu-
lations [13,14]. The European standard (pr)EN1993-1-9 [15,16] gives
the fatigue resistance of many weld details. The resistance is expressed
in terms of Detail Category (DC), which is the fatigue resistance in
MPa at 2 - 10% cycles with a 95% exceedance probability. Neither the
first nor second generation of EN1993-1-9 provides a fatigue resistance
for detail Clc. The nominal stress method is unsuitable for detail Clc
because of the local stress concentration. (Structural) hot spot stress,
alternatively, contains the bending and membrane stress of the plate
which is more suitable for this detail [7,17,18]. A hot spot stress DC
of 125 is proposed in [1] based on conservative treatment of the test
data in [1,2]. The AASHTO specifications [19,20] gives Category C
(equivalent to DC 90), the lowest DC for hot spot stress, for detail
Clc. Recent research shows that the fatigue resistance of detail Clc
is higher than the recommended values, amongst others attributed to
the generation of compressive stress under wheel loading at the crack
initiation point.

With the increase in traffic volume, a need is identified to con-
struct a new type of OBD with a better fatigue performance. One
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Fig. 1. Construction photo of an OBD and illustrations of stiffener-to-deck cracks.

Source: Photo from [1,20].

easy and effective solution is to increase the deck plate thickness.
Maljaars et al. [21] recommend a deck plate thickness ranging from
17 mm to 22 mm for “Cat. 1” type road bridges (with the heaviest
traffic flow) with a target service life of 100 years using the fatigue
load measured with weigh in motion systems in the Netherlands based
on a fracture mechanics assessment. Deck plates ranging from 16 mm
to 19 mm are commonly seen in modern OBDs [20,22,23]. However,
the recommended DC for detail Clc with these thick deck plates is not
available. The authors, therefore, have carried out fatigue experiments
using a full-scale OBD specimen with a 20 mm thick deck plate. The
specimen contains eight trapezoid shape closed stiffeners that are tested
individually. The cracks are inspected using Time Of Flight Diffraction
(TOFD), which is an ultrasonic non-destructive technique, and naked
eye observations. Statistical analysis is carried out to obtain the fatigue
life associated with a 10% or 25% change of strain ranges measured
on the top of the deck plate at crossbeam intersection, and the first
visible crack on the top of the deck plate. Finite Element (FE) models
are developed, and the Effective Notch Stress (ENS) is used to study the
effect of the lack of penetration. The crack propagation path is analysed
using fracture mechanics analysis by the eXtended Finite Element
Method (XFEM). This study can be used in the technical specification
“TS 1993-1-901 — Fatigue design of orthotropic bridge decks with the
hot spot stress method” (in short TS) [24], which will be part of the
second generation of Eurocodes.

2. Experimental investigation
2.1. Specimen

2.1.1. Geometric characteristic

A full-scale 9400 mm long and 5100 mm wide OBD has been
constructed as the fatigue test specimen. Fig. 2 shows the geometric
characteristics of the specimen. The specimen contains three cross-
beams with a web thickness of 16 mm and a bottom flange of 200 mm
wide and 12 mm thick. The 20 mm thick deck plate is supported by
eight 6 mm thick trapezoidal-shaped stiffeners (sixteen Clc type welded
details per crossbeam). The stiffeners are continuous at the crossbeams.
The crossbeams are welded around four of the stiffeners, whereas the
other four have an additional “Haibach” shape extended cut-out in the
crossbeam [1,24]. Note that the cut-outs are not expected to influence
the stress state of detail Clc under consideration. The deck plate is
composed of two steel plates connected with a butt weld, which is

Table 1

Welding parameters used in the fabrication of the stiffener-to-deck plate connections.
Type w1 w1 W2
Pass 1 2 1
Process FCAW SAW SMAW
Wire diameter [mm] 1.2 3 4
Current [A] 230-240 520-530 160-170
Voltage [V] 25-27 25-57 23-24
Current type DC+ DC+ DC+
Welding speed [cm/min] 42-48 45-50 8-10
Heat input [kJ/mm] 0.7-1.0 1.6-1.9 2.3-2.8

assumed not to affect the performance of detail Clc. The tested details
are designated as SxS or SxN for the South or North sides of the
stiffeners, respectively (see designations S and N in Fig. 2), where x
denotes the stiffener number.

2.1.2. Welding procedure

The specimen is made from structural steel grade S355J2 with a
nominal yield stress of 355 MPa [25]. It is known that the fatigue
performance of welded connections may be affected by the welding
process [26,27].

Two-pass automatic metal arc welding is used for welding S1, S3,
S5, and S7 to the deck plate (denoted as Weld 1, in short W1), and
single-pass manual metal arc welding is used for the other stiffeners
(denoted as Weld 2, in short W2) to study the effect of the welding
procedure on the fatigue performance. The stiffener end is bevelled to
a flat edge prior to welding with a minimum thickness of 3 mm for
W1. A lack of penetration of a maximum of 1.5 mm is specified for
both welding procedures in line with [28], see Fig. 3. Table 1 gives the
applied welding parameters. Non-destructive testing is executed and
it is confirmed that the weld quality meets the required quality level,
namely, quality level B of ISO 5871 [29].

Fig. 4 presents the resulting weld profiles at the representative cross
sections. The geometry of the weld toe transition is an important factor
affecting the fatigue resistance of weld toe cracks [28,30]. The flank
angles of the automatic welding (180°-¢’ , and 180°—¢"' ,) are typically
smaller than those of the manual welded ones (180°-¢’,, and 180°-
0" \1). The weld surface of the automatic welding procedure appears
smoother than the manual weld procedure.
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Fig. 2. Overview of the full-scale specimen (unit: mm).
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Fig. 3. Welding procedure of: (a) W1; (b) W2 (unit: mm).

Fig. 4. Representative cross-sections of the stiffener-to-deck plate connections: (a) W1, and (b) W2.

2.2. Instrumentation

Electric resistance strain gauges are used to obtain the strain dis-
tribution in the direction perpendicular to the weld line of the deck
plate near the detail of interest (detail Clc). Three sets of the strain
gauges are symmetrically applied at both sides of the closed stiffeners,

as shown in Fig. 5. Set A (magenta) is applied at the top of the deck
plate above every stiffener web. Set B (red) is applied at the top of the
deck plate at S2 and S7. Set C (blue) is applied close to the weld root
at the bottom of the deck plate of S6 and S7. The positions of strain
gauges are selected sufficiently away from the weld to be unaffected by
the local weld geometry and to measure global stress concentrations.
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Fig. 5. The arrangement of strain gauges (unit: mm), (a) top of the deck plate, (b) bottom of the deck plate.

Table 2
Fatigue loading in the experimental programme.
ID 1 2 3 4 5 6 7 8
Phase 1 Maximum load [kN] 172 161 220 260 261 191 160 223
Minimum load [kN] 2 16 20 24 24 27 16 23
Load range [kN] 170 145 200 237 237 165 144 200
Loading cycles [million] 5.1 125 51 1.2 50 53 191 5.6
Phase 2 Maximum load [kN] 190 161 220 264 264 196 162 220
Minimum load [kN] 12 15 20 24 24 29 16 20
Load range [kN] 178 146 200 240 240 168 146 200

Loading cycles [million] 2.0 3.2 20 32 20 20 22 24

2.3. Fatigue loading programme

Fig. 6 shows a three-dimensional model of the setup and the speci-
men. The bottom flanges of the crossbeams are continuously supported
on the concrete floor. The fatigue load is applied through a hydraulic
actuator that presses onto a 32 mm thick steel plate and three plates
of rubber, 8 mm thick each, see Fig. 7. The upper two rubber plates
have a surface area of 270 mm X 320 mm. The lowest plate has a
surface area of 180 mm X 320 mm, narrower than the other rubber
plates, to allow the attachment of the strain gauges. The load is applied
centred over one stiffener and one of the outer crossbeams. The load is
shifted in each test to the adjacent stiffener. The strains in the deck
plate at adjacent stiffeners are negligible, checked by strain gauge
measurement. The load ratio, defined as the minimum load divided
by the maximum load, is approximately 0.1. Each test contains two
loading phases. The load is applied centred over the crossbeam in Phase
1, with four different levels of load ranges: 144 kN, 170 kN, 200 kN,
or 240 kN to enable statistical analysis of the fatigue resistance. During
Phase 1, no surface crack is detected on the deck plate from the top. In
Phase 2, the loading area is shifted 100 mm to the east direction, away
from the crossbeam. The load ranges in Phase 2 are nearly the same as
in Phase 1. This load shift is considered relevant because it mimics the
moving loads that bridges are subjected to (axles crossing the bridge in
length direction). Section 3.1 provides the criterion to end Phase 1 and
begin Phase 2 (see Table 2).

3. Experimental results
3.1. Fatigue crack characteristics

Visual inspections using naked eyes have been carried out at the end
of Phase 1 and Phase 2 on the top of the deck plate for back surface

breaking cracks detection. Cracks are not found on the top of the deck
plate at the end of Phase 1. One back surface breaking crack is detected
on the south side of S4 at the end of Phase 2, shown in Fig. 8. A 136 mm
long arc-shaped crack is shown on S4S. The blue dash lines represent
centrelines of the crossbeam and the stiffener webs. Note that only a
portion of the loading area in Phase 2 is displayed in Fig. 8.

TOFD measurements have been carried out within an approximate
distance of 450 mm on either side of the crossbeam using the dB-UT
system [31]. Fig. 9 shows an illustration of TOFD measurements. The
ultrasonic signal is sent and received from the top of the deck plate.
Diffracted and reflected signals occur when the ultrasonic signals meet
a crack. The signal receiver receives the diffracted signals. Details about
the TOFD procedure are given, e.g., in [32].

Fig. 10a shows the inspected regions of the TOFD measurements.
The scan device moves stably from one side of the crossbeam to
the other, with the position automatically stored in the system. The
blue and red lines (separated manually with the intention of a better
visualisation) represent detected cracking areas at the end of Phases 1
and 2, respectively. Fig. 10b gives a typical example of the signals in
the presence of a crack. The centreline of the crossbeam is defined as
a distance of 0, and negative numbers indicate the west direction.

Table 3 summarises the detected cracks. Phase 1 is terminated (and
Phase 2 starts) after reaching 5 million cycles in most tests. The TOFD
measurements reveal that cracks developed in an early stage in Phase
1 in most tests, whereas these hardly grow (or are arrested) during the
last million cycles of Phase 1. Phase 1 is terminated after a much larger
number of cycles in tests 2 and 7 to determine whether the cracks will
pick up growth in a later stage. Phase 1 is terminated earlier in test
4 to determine if this will affect the growth in Phase 2. The largest
cracks arrest at a depth of approximately 14 mm to 15 mm (75% of the
deck plate thickness) at the end of Phase 1. The start and end positions
reveal that the crack may not propagate symmetrically at two sides
of the crossbeam, which is not surprising given the random nature of
the fatigue process and the weld imperfection distribution. Besides the
main crack, secondary cracks are detected at various details. The cracks
grow in the length direction in Phase 2 (especially for S4S-01, S6S-02,
and S7S-01) but, with two exceptions, they hardly grow in the depth
direction and none of the cracks grow through the thickness. Note that
the start and end positions of the cracks may not be accurately located
when the cracks are small, e.g., S3S-01. A thorough visual inspection
of the entire specimen is executed at the end of Phase 2. In addition
to Clc, three other types of cracks are detected, as shown in Fig. 11.
Fatigue cracks are found in the base material at the bottom of the deck
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(a) global view, with the arrow showing the direction of the load shift in Phase 2

(b) front view

(c) side view

Fig. 6. Sketch of the setup frame and actuator.
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Fig. 7. Illustration of the load position and region in Phase 1 (unit: mm).

plate with a certain distance from the weld toe (Fig. 11a), in the weld
and in the stiffeners (Fig. 11b), at the lower part of the stiffener-to-
crossbeam connections of S1S, S2S, and S2N, on both free edge and
in span sides (Fig. 11c). A summary of the deck plate cracks other

than type Clc detected at the bottom of the deck plate is presented
in Table 4. S1 and S8 have been cut for other studies before the
inspections are performed. Therefore, no information is available for
S1 and S8. It is unknown whether the first two types of cracks are
secondary (i.e. occurring as a result of the Clc type cracks).

The appearance of a crack can be shown by a change in recorded
strain ranges during a fatigue test. An evaluation criterion often applied
in fatigue testing of OBD details is a certain change of strain ranges as
a function of the applied number of cycles.

Fig. 12 shows the strain ranges of the gauges at the top and the
bottom of the deck plate around the crossbeam, as a function of the
logarithm of the number of cycles for S6 and S7 with the markers
indicating the 10% (first symbol) and 25% (second symbol) changes
of each curve. The strain ranges are approximately constant up to 0.1
million cycles, indicating that there is no significant settlement effect.
The drop in strain range, in some cases preceded by an increase in
strain range, is attributed to the development of cracks. An immediate
drop in reading may indicate a crack very close to the strain gauge,
while an initial increase may indicate a crack initiating at a distance
from the gauge. Fig. 13 shows the strain ranges at the top of the
deck plate, at and within 100 mm distance from the centreline of
the crossbeam. The change in strain range takes place over a large
number of cycles. It indicates that a fast initiation followed by a
relatively slow propagation in line with the observations from thinner
deck plates [1,2,9,12]. This finding from strain ranges agrees well with
the TOFD measurements [33] and fracture mechanics calculations [13],
where a slow propagation is also observed.
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Fig. 10. TOFD measurements for detail Clc, (a) inspection region, (b) an example at S7S (the ultrasonic signal waves on the left and the illustration on the right) [31].

3.2. (Structural) hot spot stress at the initial loading stage

High stress concentrations appear in many details of OBD, including
detail Clc. Due to the large stress gradients, the nominal stress is not
simply defined for detail Clc. The hot spot stress method provides an
attractive alternative for structural stress calculation at the positions of
interest. De Jong [34] proposed a simplified calculation model for the
hot spot stress of detail Clc. It considers a 2D representation of the deck
plate, which is modelled as a beam fully clamped at the intersections

with the crossbeam, and it employs the stress at the bottom of the beam,
see Fig. 14. The “tyre load” with a contact area of Ly x W, is modelled
with a uniformly distributed load ¢ and L, is the distance between
the stiffener webs (i.e., the unsupported span of the deck plate). A
slightly modified version of this hand calculation model is employed
in the Dutch National Annex to NEN-EN 1993-2+C1/NB: 2012 [35]. It
is assumed that the load acts at the deck plate centre at a spread angle
of 45°. Thus, g can be determined with Eq. (1) [34] where AF and
tq are the tyre load and the thickness of the deck plate, respectively.



W. Wu et al.

S2, free edge side, South

Stiffener

Crossbeam

S2, free edge side
South

North

Engineering Structures 306 (2024) 117710

Deck plate

35, free edge side, South

Fig. 11. Fatigue cracks other than type Clc observed from the bottom of the deck plate and stiffener-to-crossbeam at the end of Phase 2.
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The hot spot stress range Aoy, is determined as the nominal stress
from the simplified beam model (shown in Fig. 14), 4oy, multiplied
by a stress concentration factor (SCF), see Egs. (2) to (4) [34,35].
A6y is calculated using beam theory. The SCF is based on a curve
fit of parametric 3D analyses using the FE analyses, accounting for
the difference in the effect of the crossbeam between the 3D reality

and the 2D beam models. The following dimensions are applied for
the full-scale specimen presented in the current paper: 74 = 20 mm,
Ly = 180 mm, Wy = 320 mm, and Lq = 300 mm. This results in a
hot spot stress of 4oy, = 156.42 MPa for a load range of 100 kN. Note
that the model may not be accurate in special cases with significant
shear deformation of the crossbeam, which is different from the current
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Table 3
Fatigue cracks positions of detail Clc at the end of Phases 1 and 2 as obtained by
TOFD measurements (unit: mm).

D Start position End position Length Depth
End of phase 1 2 1 2 1 2 1 2
SIN-01 -38 —40 78 78 116 118 145 15.1
S1S-01 —42 —42 54 48 96 90 141 149
S2N-01 -124 -130 -99 -103 25 27 2.1 2.2
S2N-02 -38 —44 47 42 85 86 149 155
$25-01 -266  —260 -266 -260 0 0 2.4 2.3
S25-02 -34 -50 55 52 89 102 14.6 15.1
$25-03 - 106 - 138 - 32 - 4.3
S3N-01 -57 -55 72 73 129 128 145 15.3
§35-01 -212  -202 -172 -180 40 22 6.2 6.4
S3S-02 —58 -57 84 104 142 161 14.6 15
S4N-01 -26 -38 56 49 82 87 147 148
545-01 -24 —66 53 335 77 401 137 20
S5N-01 —51 —68 79 70 130 138 13.7 14.5
§5S-01 -34 —46 323 320 357 366 19.5 195
S6N-01 -31 -54 53 53 84 107 14 14.7
S6N-02 125 104 185 198 60 94 3.9 11.3
$6S-01 -22 -32 68 61 90 93 13.6 14.4
$6S-02 92 76 199 254 107 178 138 14.4
S7N-01 -39 —48 98 116 137 164 143 146
S7S-01 -37 —-86 149 211 186 297 14.3 15.8
S8N-01 -56 -56 53 59 109 115 137 139
$85-01 -39 -52 63 58 102 110 138 13.8
S8S-02 82 58 220 215 138 157 13.8 14.3
Table 4

Summary of the fatigue cracks other than type Clc observed from the bottom of the
deck at the end of Phase 2.

S1 S2 S3 S4 S5 S6 S7 S8

Free edge - - X X X X X X X - -
Inspan - - X X X X X X X - =

set-up with continuously supported crossbeams.
AF

- 4aF 1
1= Wy 19 x (L +19) m
A0y = % @

where AM is the bending moment range and the second moment of
area I =13/12.

Aoy = SCF - Aoy 3)
1.4 pavement > 50 mm,
SCF =
{1.2957 —0.00938 14 pavement < 50 mm. “)

3.3. Evaluation of the experimental results

3.3.1. Fatigue life evaluation criteria

Various fatigue life evaluation criteria have been proposed in the
literature for detail Clc. Some authors used the number of cycles at a
certain change of strain ranges at the top side of the deck plate as the
evaluation criterion: 10% (Kolstein [1]), 15% (Dung et al. [36]), 20%
(Konda et al. [12]), and 25% (Kolstein [1]).

Table 5

Experimental results of Phase 1.
ID  AF [kN] Aoy, [MPa] N, N, N, N,/N, N./N,
SIN 170 252 203000 489797 5102664 2.5 25.1
Ss1s 170 252 438837 729878 5102664 1.7 11.6
S3N 200 296 127137 176034 5088787 1.4 40.0
S35 200 296 236629 339841 5088787 1.4 21.5
S5N 237 351 158904 233896 5000001 1.5 31.5
S58* 237 351 1295773 5000001 5000001 3.9 3.9
S7N 144 213 438119 663105 19122751 1.5 43.7
S7S 144 213 974245 1440261 19122751 1.5 19.6
S2N 145 215 211877 337779 12514488 1.6 59.1
S2S 145 215 235858 686318 12514488 2.9 53.1
S4N 237 351 382160 612537 1225001 1.6 3.2
S4S 237 351 142185 341964 1225001 2.4 8.6
S6N 165 244 797706 1029209 5287737 1.3 6.6
S6S 165 244 757172 978800 5287737 1.3 7.0
S8N 200 296 126 363 188983 5603231 1.5 44.3
S8S 200 296 169902 328062 5603231 1.9 33.0

Another criterion used to evaluate the fatigue performance of detail
Clc is the number of cycles at the earliest detection (with naked eyes)
of a through-thickness crack at the top side of the deck plate, denoted
here as N; [1,2,33]. This failure criterion is widely adopted for OBD
tests because of the relatively slow crack propagation and the ability to
still carry the load with a limited surface breaking length. This failure
criterion is more practical for on-site inspections, and it is adopted in
the TS [24,28].

3.3.2. Statistical analysis

Statistical analysis is employed to evaluate the fatigue resistance
of detail Clc tested in the current paper and the results collected in
the literature. The Basquin relation describes the relationship of the
number of cycles Ny and the applied stress range 4o:

logNg =log a —m - logAo¢ 5)

The characteristic fatigue resistance, 4o, is defined as the stress range
at 2 million cycles with 95% exceedance fraction and the slope pa-
rameter, m, is fixed to 3 (fully informative prior). This corresponds to
the definition used in (pr)EN 1993 [15,16,24] following the statistical
analysis described in [37,38].

3.3.3. Current experiment with a 20 mm thick deck plate

Table 5 presents the experimental results of Phase 1. The number
of cycles corresponding to strain range changes, N; and N,, and the
total load cycles, N, are listed. The ratio N,/N, evaluated from the
strain gauges at the top of the deck plate ranges between 1.3 and 2.9.
A slow crack propagation is observed as the ratio N,/ N, varies from 3.2
to 59.1. The wide range in numbers may be caused by the crack sizes
(shown in Table 3) at the end of loading. S5S (marked) is excluded
from the statistical analysis. This is because the strain range change
was first observed at the position 100 mm away from the centre line
of the crossbeam for this location. The crack may not initiate at the
crossbeam location.

Fig. 15 shows the results of the statistical analysis for the evaluation
criteria of 10% and 25% change of strain range. The numbers in
the graphs present the fatigue resistances with 5%, 50%, and 95%
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Fig. 15. Statistical analysis of the experimental results with a 20 mm thick deck plate.

exceedance fractions. The fatigue resistances with 50% exceedance
fraction of W1 and W2 are approximately equal, while the standard
deviation (s) of W1 (0.16 to 0.18) is smaller than W2 (0.30 to 0.34),
resulting in a lower value of Ao for W2. Combining W1 and W2, 4o
values are 85 MPa and 111 MPa with the standard deviations of 0.27
and 0.24 for N; and N,, respectively.

3.3.4. Experiments with long load patches

Fig. 16 gives experimental data from the current study and the
literature with thinner deck plates (r; = 10 or 12 mm). All data are
obtained with load patches with Wy = 320 mm (dedicated as long
load patches). The fatigue resistances with 50% and 5% exceedance
fractions of the joint dataset are approximately equal to those of the
20 mm deck plate sub-dataset for criterion N; and they are slightly
higher for N,. The characteristic resistances related to N, and N,, are
86 MPa and 117 MPa, respectively. They are (almost) equal to the
characteristic resistances given in the standards AASHTO-LRFD Bridge
Design Specifications: 2012 [19] (Category C, 46; = 90 MPa) and the

Dutch National Annex to EN 1993-2: 2012 [35] (4oc = 125 MPa),
respectively. The characteristic fatigue resistance for criterion Nj is
Ao = 167 MPa, obtained from the sub-dataset with thin deck plates
only because (almost) no back surface breaking cracks are not observed
for thick deck plates. Note that the characteristic fatigue resistance
found for N; is much higher than the hot spot stress fatigue resistances
for weld toe cracks recommended by IIW [7] and in (pr)EN 1993-1-
9 [15,16]. Both documents give Ao = 100 MPa for weld toe cracks at
non-loaded fillet welds. Maljaars et al. [13] give possible reasons for
the relatively high resistance of detail Clc:

+ Whereas fatigue cracks in welded connections usually either ini-
tiate from the plate and propagate in the base metal or initiate
from the root and propagate in the weld, the crack in detail Clc
initiates from the root and propagates in the base metal. It is,
hence, a different type of crack.

» The fatigue resistance in the standards is (conservatively) given
for tension-tension loading, where detail Clc is subject to bend-
ing of the deck plate.
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Fig. 17. Statistical analysis for the specimens loaded using short load patterns (Nj,
s =0.09) [9,12].

» A load shedding effect occurs for detail Clc, where the stress
reduces with the distance from the crossbeam. This gives a lower
propagation rate as compared to usual details.

3.3.5. Experiments with short load patches

In [9,12], experimental investigation was executed but using shorter
load patches with a size of 260 mm x 200 mm for 12 mm deck plates,
and 200 mm x 200 mm for 12 mm or 16 mm deck plates, respectively.
Surface cracks were found only in the specimens with 12 mm deck
plates. Fig. 17 shows the statistical analysis for the specimens loaded
using short load patches. The hot spot stress ranges are obtained by
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the FE calculation (validated by the strain gauge measurements) using
the surface extrapolation approach in TS [24]. This is because the
specimens in [9,12] are approximately 300 mm wide and the hand
calculation model has not been verified for this type of specimen.
High fatigue resistance, Ao = 277 MPa, is observed, which is even
higher than the values of long load patches. The FE calculation in
Section 4 explains the difference: The maximum principal stress (in
absolute value) decays faster with the distance from the centrelines of
the crossbeam for short load patches compared to the long load patches.

4. Finite element analysis
4.1. Description of the model

Fig. 18 shows an overview of the FE model generated and anal-
ysed with the commercial FE software Abaqus 2019 [39], dedicated
to simulating Phase 1. A symmetrical model is built to reduce the
computational cost, see Fig. 18. Symmetry in the z-direction is not
used to study Phase 2, which is not further discussed here. The FE
model is 1300 mm long, and it contains one-and-a-half closed stiff-
eners. A “Static” load step is employed with the implicit calculation
method [39]. The bottom side of the lower flange is constrained in
the vertical displacement direction (UY=0). The symmetry boundary
conditions with UX=0 for Sides 1 and 2, and UZ=0 for Sides 3 and 4.
Note that a sensitivity study has been executed using different boundary
conditions for Sides 1, 3, and 4, varying these boundaries from free
of constraints to fully constrained in all directions with no noticeable
effect on the local stress at the hot spot. The results given below are
based on the symmetry boundary conditions at the four side planes.
An uniform pressure load is applied at the tyre contact surface of
Phase 1. The linear elastic material is applied in the model with Elastic
modulus E; = 210 GPa and Poisson’s ratio v, = 0.3. Second-order brick
elements with reduced integration (type C3D20R [39]) are employed
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Fig. 18. Overview of the FE model (unit: mm).

with a locally refined mesh (see Fig. 19 for the nodal positions shown
as markers).

4.2. Model validation

Fig. 19 shows the strain ranges from the experimental measure-
ments and FE calculation. The values are normalised to a load range of
1 kN. The strain ranges at the top of the deck plate increase from 2x10~¢
to 3 x 107% with the position approaching the crossbeam, Fig. 19b.
The results of the FE calculation are close to the average values from
experiments. Overall, the FE model gives a reasonable agreement with
the experimental data both qualitatively and quantitatively.

4.3. Local stress state

The ENS [7,16] is applied to study the local stress state at the weld
root. Fig. 20 shows the same FE model as shown in Fig. 18, but with two
sub-regions with a denser mesh, Sub 1 and Sub 2. Tie constraints are
employed at the interfaces [39] between the sub-regions and the global
model. The approximate element sizes in the global, Sub 1, and Sub 2
regions are 50 x 50 x 50 mm?, 8 x 8 x 8 mm?, and 0.5 x 0.5 x 0.5 mm?,
respectively. Four models are constructed with a lack of penetration
adopted in the Sub 2 region of 0.0 mm, 0.5 mm, 1.0 mm, and 1.5 mm.
The ENS at the weld root is modelled with a 1 mm radius notch with
following the IIW recommendations [7]. Fig. 21 shows the principal (in
absolute value) and the von Mises stresses around the notches under the
normalised load of 1 kN at the crossbeam conjunction. The minimum
principal and maximum von Mises ENS values range from —7.8 to —-7.6
MPa (from 4.9 to 5 times of Aoy, in absolute value) and from 6.8 to 7.0
MPa (from 4.3 to 4.5 times of A4oy), respectively. This indicates that
a lack of penetration ranging between 0 to 1.5 mm has no significant
effect on the ENS, similar to the findings in [36] for a 12 mm thick deck
plate. The low sensitivity at the resistance to the local weld geometry,
as determined by the ENS, may also explain the low sensitivity to the
welding process observed in the experiments. Fig. 22 compares the
principal stress (in absolute value) distribution loaded with different
patch sizes. A long load patch (90x 320 mm?) results in a more uniform
stress distribution (smaller peak stress at the weld root in conjunction
with crossbeam position) than a short load patch (90 x 200 mm?).
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See Fig. 23 for the principal stress (in absolute value) of two selected
paths, Path 1 or 2 at the bottom of the deck plate with the direction
along the longitudinal weld at distances of 2.2 mm or 4.4 mm from
the weld root, and the ratio of principal stress between the short
(90 x 200 mm?) and the long patch (90 x 320 mm?).

4.3.1. Fracture mechanics analyses of crack shapes

Further FE analyses are conducted to evaluate crack arrest and crack
propagation paths. The fracture mechanics method using the XFEM has
been employed to study crack propagation. Four models with 10 mm,
12 mm, 16 mm, and 20 mm thick deck plates are created as presented
in Fig. 20. Here, the global and Sub 2 regions are meshed using the
first-order brick element with reduced integration (C3D8R) and Sub
2 is activated as the enriched region for the XFEM [39]. Two load
patches with the sizes 270 x 320 mm? (for the 12 mm deck plate) and
180 x 320 mm? (for other deck plate thicknesses) are applied. A semi-
circular-shaped crack is inserted at the weld root with a horizontal shift
of 0.3 mm from the weld root to avoid singularity, see Fig. 24. The
depth and semi-length of the initial crack are ¢ = 0.5 mm and ¢ =
0.5 mm, based on the detectability of flaws [40], respectively. The initial
angle assumed between the crack plane and the vertical direction, 6,
is 0° for 10 mm and 12 mm deck plate [13], and 30° for 16 mm and
20 mm deck plate [14] following observed the crack shapes. The Virtual
Crack Closure Technique (VCCT) is employed to calculate the strain
energy release rate [39]. The element breaks at the maximum value
position in each increment with the propagation direction following the
Maximum Tangential Stress (MTS) criterion, see Eq. (6) where 0 is the
crack propagation angle [39]. Cyclic loading is applied in a “low-cycle
fatigue analysis” step with the modified Paris’ equation for the strain
energy release rate. The material properties are m = 3 (dimensionless),
C = 1x10713, and AKy, = 63 (conservative value) with units in
millimetres and Newton following [7,13]. Tensile residual stresses are
assumed at the weld root of the stiffener-to-deck plate connections, and
the crack is assumed to remain open during the entire load cycle [13].
This study focuses only on the fatigue crack propagation shapes and the
crack arrest phenomenon using linear elastic fracture mechanics. The
applied forces are high enough (4o, between 200 MPa and 250 MPa)
to propagate the crack at the initial state, while the fracture toughness
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Fig. 20. Illustration of the FE model with global and sub-regions (unit: mm).

is not considered. Local plastic failure is excluded from the analysis. A
fatigue life calculation can be done using the XFEM [41], which is left
out of the scope of the current paper.

2 [ k4 2 g2
3K+ /K] +8K1K11]

6 = arccos

(6)

2 2
K; +9K;
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Fig. 25 illustrates the crack shapes of the four simulations. A three-
dimensional crack with a shape close to the semi-elliptical is observed
for all deck plate thicknesses. The crack propagates in depth and length
direction until it breaks through the top surface of the deck plate in
the 10 mm thick deck plate simulation (defined as failure type 1).
Crack arrest is predicted for the 12 mm thick deck plate simulation
but very close to the top surface (defined as failure type 2). It then
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e

Fig. 24. Illustration of the XFEM model for Clc type crack.

propagates further in the length direction. Crack arrest in the depth
direction occurs after the crack depth reaches approximately 75% of the
deck plate thickness with 16 mm and 20 mm thick deck plates, while
the crack propagates further in the length direction (defined as failure
type 3), see the lengths at the top (2c_top) and bottom (2c_bottom) of
the deck plate in Fig. 25. In the simulations, the crack inclines towards
the horizontal direction. The results are in qualitative agreement with
the experimental observation in [2,9,12,33,36].

5. Conclusions

Experimental investigation and FE analyses are employed for study-
ing the fatigue behaviour of the stiffener-to-deck plate weld in OBDs,
with a crack in the deck plate initiating from the weld root at the
crossbeam intersection (detail Clc according to [24]). Different from
the previous publications, the deck plate is relatively thick, thereby
representing a new generation of OBDs. One full-scale specimen with a
20 mm thick deck plate is loaded, resulting in sixteen Clc type cracks.
The stress and strain distribution, crack propagation, fatigue resistance
using the hot spot stress, and lack of weld penetration are studied.
Additionally, fatigue crack propagation paths are calculated using the
XFEM for different plate thicknesses. The main conclusions are:

1. The maximum stress in the stiffener-to-deck plate welded con-
nection at crossbeam intersection occurs at the weld root. Fa-
tigue cracks initiating from the weld root at the crossbeam and
propagating into the deck plate are observed in the experimental
study. With a 20 mm thick deck plate, the crack arrest occurs at
an approximate depth of 14 to 15 mm. This is approximately
75% of the deck plate thickness.

. Using the authors’ own results and data in the literature, the
recommended characteristic fatigue resistances using hot spot
stress are:

» 112 MPa for early cracking according to the measurement
of strain gauges.

+ 170 MPa for the earliest visible crack detection criterion
from the top of the deck with a deck plate thickness of
10 mm to 12 mm.

3. A lack of penetration of up to 1.5 mm (75% penetration ratio)
does not significantly influence the ENS.
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4. The crack propagation path calculated from the XFEM using
linear elastic fracture mechanics is similar to the experimental
results with 10 mm, 12 mm, 16 mm, and 20 mm thick deck
plates tested by the authors or in the literature. After reaching
75% of the total deck plate thickness, the crack stops propagat-
ing in the thickness direction for the deck plates thicker than
12 mm. Through thickness crack occurs in 10 mm thick deck
plate. For 12 mm thick plate, the final crack is very close to the
top surface and can break through at high load levels. Moreover,
root cracks in the weld throat and stiffener are observed at the
junction with crossbeam in line with experimental observation.
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