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Steel Orthotropic Bridge Decks (OBDs) are widely used in the superstructures of movable and long-span
bridges. There is a high concentration of stress at many welded connections, which are governing the fatigue
performance of OBDs. The fatigue behaviour of the lower end of weld in crossbeam-to-stiffener connection
with cut-outs is studied from multiple experimental results obtained from a 48 m? full-scale specimen, as well
as finite element simulations. The fatigue resistance of the detail is recommended based on 8 experiments
reported in the current study and experiments in the literature using the hot spot stress method. The influence

of the load location on the hot spot stress is analysed. The effective notch stress method is used to evaluate
the fatigue resistance with different weld profiles.

1. Introduction

Steel Orthotropic Bridge Decks (OBDs) have been widely used in
bridge engineering [1]. The all-welded structure is common in long-
span and movable bridges due to its high load-carrying capacity, rela-
tively low self-weight, and fast construction [2]. It can also be used
to replace the deteriorated concrete decks [3]. In general, an OBD
comprises a deck plate, supported by longitudinal stiffeners and cross-
beams, and connected by welds, see Fig. 1. Traffic loads are transferred
to the deck plate, and then to the stiffeners and crossbeams. There are
open-shape stiffeners and closed-shape stiffeners in OBDs. Closed stiff-
eners are favourable where high torsional rigidity is beneficial [4]. For
the convenience of fabrication, cut-outs in crossbeams, below stiffeners,
are used with two types of shapes, Haibach-type or regular-type, as
indicated in modern OBDs.

OBDs experience a large number of load cycles in service. Welded
connections cause high stress concentrations [2,5]. Moreover, high
residual stresses and initial flaws, caused by the manufacturing and/or
fabrication, exist at welds. This combination makes welded OBD struc-
tures sensitive to fatigue. Fatigue cracks were reported or studied near
or in welds including but not limited to: stiffener-to-deck plate welds,
crossbeam-to-stiffener welds, crossbeam-to-deck plate welds, stiffener-
to-stiffener welds, and deck plate-to-deck plate welds. The cracks may
initiate from the weld toe (T) or weld root (R) and propagate into base
metal or weld metal.

A typical type of crack initiates at the lower end of the weld between
the stiffener web and crossbeam in connection with a cut-out. This
crack initiates at the weld toe at the stiffener’s side, and it propagates
outside of the vicinity of the weld (designated as type C3a in prTS 1993-
1-901 [7]), see Fig. 2. Stress ranges (4c¢) are introduced due to the local
distortion of the stiffener below C3a in combination with the in-plane
and out-of-plane deformation of the crossbeam, causing stress concen-
trations at the weld toe. This type of crack was observed in bridges in
Europe [1,4], Japan [8], the United Sates [9], and China [10].

Detail C3a has been studied by researchers using experiments and
Finite Element (FE) simulations [1,10-15]. A relatively slow crack
propagation rate for this detail is attributed to the cracks growing away
from the crossbeam weld with its stress-raising effect. The criterion,
i.e. the crack size, at which the fatigue resistance is determined be-
comes relevant. Some of the mentioned studies used a certain surface
crack length as the criterion. Others used the first time a crack was
observed by the naked eye (“first visible crack”), which is accompa-
nied by some scatter related to detectable crack length and inspection
interval. As an early indicator of cracking, many authors considered
a certain deviation in the strain range, measured by a strain gauge
concerning the initial strain range of the intact specimen. However,
a well-defined and widely accepted verification method is currently
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Fig. 2. Illustration of toe crack at the lower end of a crossbeam-to-stiffener weld with
a cut-out.

missing. The detail was included by neither in the first nor in second
generation of (pr)EN1993-1-9 [16,17].

This paper first experimentally studies the fatigue behaviour of
detail C3a at eight locations in one full-scale specimen. The strain
distribution is obtained by strain gauges, and surface cracks are tracked
during the experiments. Subsequently, a FE model is described, which
is validated using the measured strains. The Hot Spot Stress (HSS) is
calculated using Finite Element Analysis (FEA). Afterwards, data from
the current experiments and selected from the literature are grouped
to derive a fatigue resistance that is proposed for the Technical Spec-
ification TS 1993-1-901 “Fatigue design of orthotropic bridge decks
with the hot spot stress method” (TS in short). This TS will be part
of the second generation of Eurocodes [7]. An additional S-N curve is
proposed for existing brdige decks. The influence surface caused by the
wheel loading is numerically investigated for the HSS of detail C3a.
Finally, the Effective Notch Stress (ENS) method is adopted to study
the effect of weld profiles.

2. Background of S-N curve

S-N curves are commonly used in high-cycle fatigue analysis. The
Basquin relationship is employed for the number of cycles to failure

|
I
i

Bending stress Membrane stress  Non-linear stress

Fig. 3. Illustration of the stress path in a component in the vicinity of a weld.

Ny as a function of the applied stress ranges 4o, as shown in Eq. (1).
logNg = ay —m - logAo (€8]

The slope parameter of S-N curve m and material constant ay depend
on the details and failure types. Ao is the stress range at which the 95%
lower prediction bound of the number of cycles to failure is 2 million,
assuming a fixed slope parameter of m = 3 or 5 [16,18]. A statistical
analysis of the experimental data provides the values of ay and 4o.
The S-N curve is associated to the definition of stress used to derive
it. Fig. 3 illustrates the stress path in a component in the vicinity of
a weld. The Nominal Stress (NS), o,,, uses the stress in the base metal
or in a weld calculated at the point of a potential crack location and
all stress concentration effects already accounted for in the fatigue
detail category. It is the main basis for fatigue design in standards
and guidelines such as the European standard (pr)EN1993-1-9 [16,17],
American AASHTO LRFD design specifications [19], and Japanese JSSC
fatigue design recommendations [20]. Geometric stress concentrations
are taken into consideration by the HSS, o}, which uses the stress in the
base metal at the weld toe, incorporating all stress raising effects due
to the overall detail geometry, but excluding that of the weld profile
itself. oy, can be calculated by extrapolating the surface stress from
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Fig. 5. Sketch of the out-of-plane loading locations for cross-beam-to-stiffener welds with “Haibach” type cut-outs (unit: mm).
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Fig. 6. Overview of the strain gauges locations at S5 to S8 (unit: mm).

predefined locations to the weld toe [7,21,22], or extracted from the
traction forces at the studied cross-section [23]. The former is widely
adopted in design guidelines and standards and has recently been used
in OBDs [19,24-26]. The definition of HSS in the current paper follows
the recommendation in TS [7], using the stress perpendicular to the
weld toe at locations 0.5¢ and 1.5t away from the weld toe, where ¢ is the
thickness of the plate. The ENS, o, uses the total stress in a fictitious
notch at the weld toe or root. It includes the effect of all geometric
properties of the welded detail including the stress peak due to the
weld itself, and resulting in locally varying stress distribution (non-
linear peak stress) [17,21,27,28]. Local geometric characteristics and
stress states can be evaluated using o,. Table 1 summaries 4o used
in the bridge standards and guidelines, with the AASHTO designation
system [19] transferred to Ado.

Table 1

Ao of welded steel plate connections in the bridge standards and guidelines.
Source Method  Application m Ao [MPa]
[17,19,20] NS T &R 3or5 36to 125
[17,19,20]1 HSS T 3 80 [20], 90 [17,19], 100 [17,20]
[17] ENS T &R 3 200 or 225

OBDs contain components of various plate thicknesses (6 mm to
24 mm) that experience complicated multi-axial stress states (bending
and compression in many cases). Relative slow propagation is observed
in some details. Recent studies show that welded connections in or at
the deck plate can have fatigue resistances deviating from the values in
Table 1 [6,29,30]. In addition to relative slow crack propagation, detail
C3a experiences a large proportion of bending and has a relatively thin
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plate (6 or 8 mm). It is noticed both by the experimental investigations
and fracture mechanics calculations that bending stress is less detrimen-
tal than membrane stress [31,32]. In addition, steeper stress gradients
exist in thinner plates. This may all result in a relatively higher fatigue
resistance [31,33]. On the other hand, the detail is loaded in multiple
directions, by the distortion of the stiffener and by in- and out-of-
plane deformation of the crossbeam. It is therefore difficult to estimate
its fatigue resistance without experiments specifically aimed at fatigue
cracking of this detail.

3. Experimental investigation and FE model validation
3.1. Specimen description

Experiments are carried out using the full-scale specimen as shown
in Fig. 4. The specimen is made from structural steel grade S355J2 with
a nominal yield stress of 355 MPa [34]. The 20 mm thick deck plate is
strengthened by 6 mm thick trapezoidal-shaped stiffeners. The 16 mm
thick crossbeams web are connected to the stiffeners and deck plate by
fillet welds. Extended cut-outs with the Haibach-type shape are used
on the north side of the specimen, whereas the crossbeams are welded
around the entire perimeter of the stiffeners (without cut-outs) on the
south side. The latter are not the subject of the current study and are
therefore not further mentioned. The crossbeam-to-stiffener welds are
automatically welded by one pass. The Flux-Cored Arc Welding (FCAW)
is used with DC+ type current. Fillet welds have an effective thickness
of 5 mm. The welding parameters are: 1.2 mm wire diameter, 270 to
300 ampere current, 28 to 30 voltage, 23 to 31 cm/min speed, and 1.5
to 2.4 kJ/mm heat input. The welds comply with the quality level B of
ISO 5871 [35].

3.2. Set-up and loading programme

Two series of load cases, LC A and LC B, are applied in the experi-
ments, see Fig. 5. In LC A, the cyclic load is applied on the free edge side
of crossbeam I with the loading patch centred above the stiffener. In LC
B, cyclic loads F1 and F2 are simultaneously applied at the free edge
and in span sides, with the load centred above a stiffener web. The load
patch has a size of 270 mm x 320 mm, corresponding to the tyre patch
of Axle Type C in EN1991-2 [36] with two layers of 8 mm thick rubber
plates between the top of the deck plate and the steel load jack at
each load application location. Naked eye inspections are carried out to
detect surface cracks during the experiments. Table 2 gives a summary
of the experimental programme. LC A is firstly applied on stiffeners 7
(S7) and 8 (S8) without cracks observed. Thereafter, LC B is applied,
resulting in fatigue cracks at the detail of study. Note that S8 N has been
loaded first in LC A, and then two strengthening plates (approximately
50 mm thick steel plates) are placed on the deck plate at the load
application locations with a size of approximately 500 mm x 500 mm
before LC B is applied. This strengthening is applied due to the fatigue
cracks in the stiffener-to-deck plate weld (on the north side of S7) and
base metal, both observed below the load patch after S7 L&R are loaded
in LC A. As the stress levels of the stiffener-to-deck plate welds in LC
B are significantly smaller than LC A, strengthening is not needed for
LC B. Therefore, they are not used for S5 and S6. The following part of
the paper focuses on the description of LC B. To obtain a conservative
Ao, the cycles loaded in LC A are not counted in the current paper.

3.3. Strain measurement

Fig. 6 gives an overview of the strain gauges attached to the
stiffeners of S5, S6, S7, and S8. The strains in the horizontal directions
and the direction perpendicular to the weld toe at the lower end are
referred to as “Stiffener H1 (free edge)”, “Stiffener H2 (in span)”, and
“Stiffener V”, respectively. In each of these directions, a chain of 5
strain gauges with an intermediate distance of 2 mm is attached to

Fig. 7.
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Table 2

A summary of the loading programme.

Journal of Constructional Steel Research 222 (2024) 108887

Stiffener ID 7 S&N 7 S&N 7 S&N* 8 S&N*
Load range [kN] 1 x 275 1 x 360 1 x 360 1 x 320
Frequency [Hz] 2 2 2 2
LC A Load ratio 0.1 0.1 0.1 0.1
Cycles [million] 7.40 0.67 1.73 9.91
Run-out X X X X
Stiffener ID 8 N* 58S 6N 6S 5N
Load range [kN] 2 x 170 2 x 250 2 x 250 2 x 150 2 x 150
Frequency [Hz] 2 2 2 2 2
LC B Load ratio 0.1 0.1 0.1 0.1 0.1
Cycles [million] 0.33 0.31 0.55 1.67 10.00
Run-out X
Note:
“*” indicates the cases in which strengthening plates are used.
“x” run-out.

“Tie” Constraint

Fig. 8. Load and boundary conditions of the FE model.

Brick element: C3DSR Shell element: S§R

B S ivet |

)

Fig. 9. FE model of the specimen and the lower end of the crossbeam-to-stiffener weld
in S5 S (unit: mm).

cover the local stress field, with the first gauge intended to be located
4 mm from the weld toe. Stress gradients are obtained by the chain
strain gauges, which can be used in the HSS calculations [21]. In
addition, two separate gauges intended at 25 mm and 50 mm distances
from the weld toe are attached to cover the global strain field.

Fig. 7 presents the measured strain ranges close to the weld toe.
The locations of the strain gauges are measured after the experiments

and used in Fig. 7. One exception is S8 N, where the strain gauges
are removed before executing measurements, the intended distances
are therefore used for S8 N. The strains in Fig. 7 are positive in V
direction and negative in H1 and H2 directions at the applied loads,
although strain ranges are always positive. The highest strain ranges
are observed at the lower end (V direction). The strain values in H1
and H2 directions are smaller than those in V direction. The ranges on
the free edge side (H1) are slightly larger than those on the in span
side (H2). High strain ranges and concentrations are observed in the
V direction. The linear extrapolation is carried out using the 5 strain
measurements close to the weld toe. The extrapolated strain ranges in
H1 and H2 directions are between 2 and 4 times lower than the values
in V direction.

3.4. Introduction of the FE model

Fig. 8 shows the FE model constructed using the commercial soft-
ware Abaqus 2019 [37]. A uniform distributed pressure is applied to
the load areas. Displacement constraints are applied along the centre
lines of the crossbeams at the bottom flanges in three dimensions
(UX=UY=UZ=0). The linear elastic material is applied in the model
with the Elastic modulus E; = 210 GPa and Poisson’s ratio vy =
0.3. Fig. 9a shows the FE model of the specimen, where the global
distinction between the use of solid and shell elements is made. The FE
mesh consisting of solid elements in the lower end of the crossbeam-
to-stiffener weld is shown in Figs. 9b and 9c. 8-node brick element
with reduced integration (C3D8R) and 8-node quadratic shell element
with reduced integration (S8R) are used at and near crossbeam I, and
crossbeams II and III, respectively.

A fillet weld with an effective weld throat thickness of 5.00 mm is
modelled. A “seam”, see Fig. 9c, that duplicates the overlapping nodes
along the selected region [37] is applied at the interface between the
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crossbeam web and stiffener. The mesh close to the studied details is re-
fined with an element size of approximately 2 mm x 2 mm X 2 mm. The
element size gradually increases to approximately 50 mm x 50 mm X
50 mm and 100 mm X 100 mm x 100 mm for the parts meshed with
element types C3D8R and S8R, respectively. “Tie” constraints [37] link
the brick and shell element parts, see the position of the red rectangle in
Fig. 8 and the corresponding interface in Fig. 9a. The ties are applied in
all directions. The nodes of a “tie” constrained interface have the same
displacements and rotations.

3.5. Validation of the FE calculation

The strain ranges measured from the experiments (EXP) and calcu-
lated by the FEA are normalized by a load level of 2x1 kN. The results
are presented in Fig. 10. A good agreement is found between the FEA
and the EXP in LC B. The stress calculated by FEA is used in Section 4
for fatigue resistance analysis.

3.6. Fatigue crack inspection

Stable strain range distributions are observed under the constant
amplitude loading at the initial stage. After a certain number of cycles,
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deviations in the strain ranges are observed, caused by the local stift-
ness deviation due to the development of a fatigue crack. This deviation
of the strain range is first observed at the locations 4 mm from the lower
end of the weld toe (GO1 in V direction). Fig. 11 shows the loading
history of the strain ranges at “V G01” in four stiffeners. Note that the
first two sharp drops in S5 S, at 2.1 x 10* cycles and at 2.8 x 10*, which
may be attributed to “the settling of the specimen/measurements”. The
strain gauge is checked and works properly afterwards. The reference
value of the strain range deviation for S5 S is set after these two drops.
S5 N has stable strain ranges till the end of loading. It indicates a run-
out without fatigue crack detected. Fig. 12 shows a fatigue crack of S5
S after 0.31 million cycles of loading in LC B. The crack initiates at the
lower end of the weld in the stiffener, and it then propagates towards
the free edge and in span sides of the stiffener.

Fig. 13 gives an overview of the crack propagation of the observed
four fatigue cracks. The cracks grow approximately linearly with the
number of cycles for crack lengths between the length at first detection
of 7 mm to 18 mm and the end of experiments with final crack lengths
between 50 mm to 57 mm. The visible crack in S6 S is observed later
and grows at a lower rate as compared to the other results. This agrees
with the difference in strain ranges in Fig. 7. Fig. 14 shows the marks
of the crack edges as measured during the experiments using a clipper
with naked eye inspections. The mark numbers in Fig. 13 correspond
to the sequential dots in Fig. 14. For S8 N, Fig. 13 shows the longest of
the two detected cracks. The cracks are first observed at the lower end
of the weld toe, with some shift to the in span side for S6 N and S6 S.

Table 3 gives the numerical values of load ranges, HSS, fatigue
lives, and final crack lengths. In line with other fatigue studies of
OBDs [1,6,38], the fatigue criteria used in this paper are designated
as:

* N,: Number of cycles corresponding to a 10% strain range devi-
ation observed at 4 mm from the lower end of the weld toe.

* N,: Number of cycles corresponding to a 25% strain range devi-
ation observed at 4 mm from the lower end of the weld toe.

* N;: Number of cycles corresponding to the First Visible Crack
(FVC) observed by the naked eye.

* N,: Number of cycles corresponding to an approximately 25 mm
long surface crack.

* Ns5: Number of cycles corresponding to an approximately 50 mm
long surface crack.
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Fig. 14. Patterns of crack propagation (grey hatched area represents the weld leg).
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Table 3
Experimental results of tested details using the criteria from N, to the termination of experiments in LC B.
Position AP [kN] Aoy, [MPa] N, N, N, N, Nj Experiment terminated cycles Final crack length [mm]
S5 8 2 x 250 466 71743 85076 88900 126 000 266 000 313569 55
S6 N 2 x 250 418 265822 294173 179918 341000 492000 548912 57
S6 S 2 x 150 254 885473 956 493 920353 1190606 1670000 1670000 50
S5 N 2 x 150 248 X X X X X 10000001 X
S8 N 2 x 170 544 99362 107 462 115739 251119 286 810 327702 56
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4. Fatigue resistance

This section presents the evaluation of the fatigue resistances of
detail C3a according to [7] using the authors’ own experiments and
data in the literature. The HSS range used in the experiments from the
literature is defined either by measurements or by validated FE models.
It means that the results of the FE models used in the HSS assessment
agree well with the reported measurements. Aoy, is calculated following
the TS methodology [7] using the values of FEA . The fatigue criteria
N, to N5 introduced in Section 3.6 are used as five possible criteria for
fatigue evaluation.

Fig. 15 provides the experimental results in S-N diagrams. The lines
in the diagrams represent the survival probabilities 5%, 50%, 95%
following the Basquin relation with a fixed slope m = 3, where the
statistical procedure of Annex D of EN 1990 is applied [16,18]. In all
cases, a constant amplitude fatigue limit, Np, is defined at 5x10° cycles.
From Fig. 15a to Fig. 15f, one of the five criteria is presented in each.
Note that the criteria designation used in the references is adjusted to
match the criteria given in Section 3.6. Moreover, not all criteria are
reported for all experiments in the literature. N, is used for [13] in
Fig. 15f as Nj is not available. The failure criteria N; and N, lead
to Ao of 76 MPa and 94 MPa, respectively. The failure criterion N;
leads to 4o of 117 MPa with a standard deviation of s = 0.27. A clear
bias is demonstrated between the experiments of [12] and the other
experiments. This is because the magnetic particle method, instead of
visual control (the naked eye inspection), was used for crack detection
in [12]. In [14], progressively increased load levels with an interval
of 0.5 million cycles were applied and the visibility of crack at the
initiation stage was not reported. The data in these two references are
excluded from the statistical analysis. As the standard deviations of the
experiments for the other criteria are smaller, the standard deviation of
Nj is attributed to differences in inspection regime. The bias between
series for the other criteria is limited and the standard deviations of
log(N) are in line with those of other welded details [39], despite
the large differences in specimen geometry. This demonstrates that the
HSS is rather independent of geometry and therefore appropriate as a
basis for the design of this detail. 4o is rounded down to the nearest
standardized value of 112 MPa.

The relatively large difference between the failure criteria N3 and
N5 demonstrates the relative slow crack growth of the detail. The
authors consider the failure criterion Ny, with an approximate surface
crack length of 50 mm, appropriate for the assessment of existing
structures because it corresponds to a reasonable probability of the
detection of surface cracks with the naked eye [40]. The corresponding
Ao is rounded down to the nearest standardized value of 160 MPa.
This relatively high resistance implies that most existing bridge decks
will pass the assessment of this detail.

5. Influence surface of HSS

The HSS in OBDs depends not only on the load level, but also on
the location of loads (i.e. tyres of heavy vehicles) and on the support
of the structure. The load application and specimen supports applied
in the experiments deviate from actual OBDs, in order to simplify
the experimental set-ups. This section examines the HSS with more
realistic boundary conditions of crossbeams and loading locations by
the FE method. In practice, crossbeams are connected to main girders,
contrary to the fully supported crossbeams investigated in Section 3.

The simplified FE simulations are therefore carried out with the
crossbeams simply supported at their edges. The component dimensions
are equal to those of Section 3.4. 20-node brick element with reduced
integration (C3D20R) is also commonly used in Abaqus [37]. Element
type C3D20R obtains higher strains than the same number of element
using type C3D8R, see Appendix. A more realistic fatigue verification
with higher stress caused by the wheel loading is carried out in this
section using C3D20R. The overall dimensions are adapted as shown in
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Fig. 17. Influence surface of the HSS and DOB at the S5 S connection.

Fig. 16. The red box indicates the region applied tyre loading. The tyre
contact surface is equal to that of a super single tyre in Fatigue Load
Model 4 of EN1991-2 [36], i.e., 270 mm in the transverse direction
and 320 mm in the running direction. The applied load is equal to
the maximum tyre load of super single axles in the same fatigue load
model, i.e., 45 kN. The HSS of the critical location, S5 S at Y=0, is
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Fig. 18. Overview of the sub-model used for the ENS (unit: mm).

extracted from Path 1, Path 2, and Path 3. The degree of bending
(DOB) [41] is calculated using Eq. (2) where oy, and oy, are the bending
and membrane stresses at the weld toe cross-section, respectively.

DOB = 6}, /(0p + 01) (2)

Fig. 17 shows the resulting influence surface of HSS and DOB
at the previously mentioned three paths. Path 1 and Path 2 show
similar results in HSS and DOB, while Path 3 gives smaller HSS. The
largest absolute values of HSS are created for a load centred between
approximately Y = 800 mm to 2000 mm, and X = —300 mm to
—100 mm. The tensile or compressive stress occurs depending on which
side of web the loading is applied on, either S5 S or S5 N. Hence,
the largest stress ranges occur if subsequent vehicles (or axles) have
a different transverse location on the bridge deck. The DOB is high,
> 0.8, when o}, > 30 MPa or < —15 MPa. This agrees with the DOB in
the experiments of Section 3.

The maximum HSS range from this study is approximately 63 MPa.
In (pr)EN1993-1-9 [16,17], the fatigue resistance curve for such a detail
has a slope of m = 5 for stress ranges lower than the constant amplitude
limit, which is assumed at a number of cycles equal to Np = 5x 10°. A
cut-off limit N; = 10% is designated below which the stress ranges of a
variable-amplitude calculating do not contribute to fatigue damage.

The fatigue resistances 4o of 112 MPa and 160 MPa obtained in
Section 4 have constant amplitude fatigue limits Ao, 83 MPa and 118
MPa and cut-off stresses 4o}, of 45 MPa and 65 MPa, respectively. The
maximum HSS range in the considered deck is hence lower than the cut-
off stress range proposed for the assessment of existing bridge decks,
and it is in between the constant amplitude fatigue limit and the cut-off
stress range for new bridge decks. This implies that the considered deck
will pass the assessment for detail C3a, and it will also be sufficient for
most designs. Only in the case of very heavily loaded bridges, a stronger
deck might be required for detail C3a.

6. ENS assessment of fatigue resistance

A weld flank angle of 6 = 45° is used in the simulations of Section 3.
In practice, 6 depends on the welding procedure. For instance, overhead
welding may result in a convex weld profile. The HSS is insensitive to
the local weld geometry such as the flank angle. However, it is known
that the flank angle can influence fatigue resistance [17]. Therefore,
the influence of the weld flank angle is examined by the ENS. The
sub-modelling method available in Abaqus [37] bridges the difference
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in scale between the local weld geometry (sub-model) and overall
specimen geometry (global model). The overall specimen geometry
is the same as that of Section 3.4. The displacements of sub-model
are constrained to match the displacements of global model at the
intersections. IIW recommends a notch radius of R = 1 mm and local
refined mesh at the studied locations [21]. Both recommendations are
applied here.

Element type C3D20R is used in the sub-models. The outer (grey)
and inner (green) parts have element sizes of approximately 0.5 mm
X 0.5 mm x 0.5 mm and 0.2 mm X 0.2 mm X 0.2 mm, respectively.
Fig. 18 shows the sub-models with three types of weld profiles. “Tie”
constraints link the two parts [37]. The highlighted surfaces of outer
part are driven by the global model, as shown in Fig. 8. Type 1
represents the weld profiles with § = 30°, 45°, and 60°, which are all
within the requirements of prEN1993-1-9 [17]. Types 2 and 3 represent
the extreme cases with 6 = 0° and 90°, respectively. Type 2 represents
a post-weld grind treatment [2,12], whereas Type 3 is considered to
study the potentially detrimental effect of a large flank angle, which
might be a consequence of the limited space at the lower end of the
weld. Note that the element size in the Type 2 detail model is larger
than the other two types. This is assumed not to affect the analysis as
the transition between the weld and base metal is smooth, resulting in
smaller stress concentrations.

Fig. 19 shows the principal and von Mises equivalent stresses under
2 x 1 kN. The maximum principal stress criterion is more suitable
than the von Mises stress criterion for proportional loading [42]. Both
criteria are presented for comparison. The maximum stress in the Type
2 detail is predicated on the weld profile with a small shift to the
free edge side. The models of Type 1 and Type 3 details predict the
maximum stresses in the transition region, at the corner of the lower
end of the weld on the free edge side. Interestingly, the Type 1 detail
predicts a higher maximum stress for the § = 45° flank angle than the
other flank angles of & = 30° and 60°. This is attributed to a complex
interaction between the loaded stiffener and crossbeam web. It is also
observed that the HSS (explained in the last paragraph of this section)
calculated from the sub-models is affected by 6. The Type 3 detail
model predicts a higher maximum stress than the other two .

A scale factor, K, is calculated using Eq. (3) [28]. Either maximum
principal or von Mises equivalent stress is used for o,. K, is, therefore,
calculated using the HSS from the sub-models. The HSS is extrapolated
following the white arrow direction in Fig. 18.

3

Ken = Gen/0ns
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The predicted fatigue resistance of HSS, Ao s, can be obtained using
the characteristic values of ENS, Aoc.,, as shown in Eq. (4) with
225 MPa and 200 MPa for the principal stress and von Mises equivalent
stress criteria [17], respectively.

Ao s = AGC,en/Ken @

Fig. 20 compares the predicted 4o s with 6. As R is not available for
0 = 0° (Type 2) model, the values 166 MPa and 158 MPa are presented
in hollow columns for comparison only.

The scale factor K., increases with # in the range of 0° to 45° and
afterwards keeps constant till § = 90°. The von Mises equivalent stress
criterion gives a lower K, and 4oy, predictions than the principal
stress criterion. The 4o} based on the ENS ranges from 97 MPa to
115 MPa in the Type 1 detail, close to the statistical analysis obtained
values 94 MPa and 117 MPa in Section 4 using the failure criteria N,
and N;, respectively. Only 3% to 4% lower fatigue resistance results
for & = 90° compared with the § = 45° case. This finding is close to
the fracture mechanics predictions in [43] for the weld toe cracking in
stiffener-to-deck welds between crossbeams, where a 2% reduction is
obtained between the same two flank angles. The results imply that,
compared to the standard flank angle of # = 45°, a higher fatigue
resistance is obtained for a smaller angle, whereas a larger angle gives
no significant reduction in the resistance.

7. Conclusions

Examination of the fatigue behaviour of the lower end of the weld
in connections between the crossbeam and stiffener with cut-outs in
orthotropic bridge decks is presented in this paper. This construction
detail was included by neither in the first nor in second generation
of (pr)EN1993-1-9 [16,17]. Eight independent experiments are tested
in fatigue using one full-scale specimen. The fatigue resistances are
determined based on the experiments in the current paper and 27
other experiments in the literature. The study has led to the following
conclusions and recommendations:

» The bias in the fatigue resistance between different series is
small for most evaluated cases, despite the significantly different
specimen geometries applied in different series. This confirms
that the HSS can be used as the basis for evaluating the fatigue
resistance of the detail of study for a wide range of geometries.

Relative slow crack growth is observed for this detail, which is
attributed to the cracks growing away from the weld, e.g. towards
a region with a smaller stress-raising effect. This implies that
the fatigue resistance depends significantly on the criterion used
for evaluation. This study evaluates the fatigue resistance for the
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Fig. A.1. Strain distribution from the experiments and FE calculations using C3D8R or C3D20R in LC B under the load range of 2 x 1 kN.

criteria ranging between the first deviation of strain ranges mea-
sured by strain gauges to a surface crack length of approximately
50 mm. The corresponding characteristic fatigue resistance values
of HSS, defined as the 95% survival limit at 2 million cycles, range
between 76 and 166 MPa, respectively.

For the design of new bridge decks, the authors consider a crack
that is first visually observed as a proper evaluation criterion for
fatigue resistance, as a balance between full structural integrity
(not compromising the load-bearing resistance) and relatively
high fatigue resistance (allowing for relatively low-weight com-
ponents). The associated fatigue resistance is 112 MPa (rounded-
down value), resulting from the 14 available experiments for this
criterion. This resistance is proposed for (and already adopted in)
the Technical Specification TS 1993-1-901 [7].

An additional S-N curve is proposed for assessing existing bridge
decks. The authors consider a surface crack with an approximate
length of 50 mm appropriate as a criterion for this case because
it corresponds with a reasonable probability of the detection of
surface cracks with the naked eye [40]. The associated fatigue
resistance of 160 MPa resulting from 10 experiments is relatively
high. This implies that most existing bridge decks will pass the
assessment of this detail.

In the geometry analysed in this study, the configuration includes
6 mm thick trapezoidal stiffeners with Haibach shape cut-outs
and 16 mm thick crossbeams, the maximum hot spot stress range
obtained at detail C3a for the highest tyre load of Fatigue Load
Mode 4 in EN 1991-2 [36] is approximately 63 MPa. Using the S-
N curve format of Eurocodes, the constant amplitude fatigue limit
is 83 MPa and the cut-off value is 45 MPa for the proposed design
resistance curve. These values do not account for the partial
factors. The maximum stress range of Fatigue Load Model 4 is
between these values. This implies that a modified geometry than
the one studied here might be required for very heavily loaded
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bridge decks, while the design is expected to be sufficient for more
common, moderately loaded bridge decks.

The effect of weld flank angle is studied using the ENS. The ENS
with a flank angle 6 = 30° is approximately 18% smaller than
the value with a flank angle # = 45°. The ENS is almost equal
between 6 = 45° and 90°. Within the requirements of prEN1993-
1-9 [17] (30° < 6 < 60°), the effect of weld flank angle on fatigue
resistance is hence limited.

The predicted fatigue resistance for the HSS, as derived from the
ENS method, ranges from 97 MPa to 115 MPa. This prediction
is close to the statistical analysis of the experimental data at the
onset of cracking, which ranges from 94 MPa (for the criterion of
25% drop of strain range at 4 mm distance from the weld toe) to
117 MPa (first visible crack).
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Appendix. Comparison of element types for the detail of study

Fig. A.1 compares the strains computed by the FE models using
the element types C3D8R (solid lines) and C3D20R (hash lines) and
the measured strains in the experiments. Higher strain ranges are
observed with C3D20R. Compared to the measurements, the models
with C3D20R over-predict the strain for S8 N, S5 N, and S6 N. The
results with C3D8R are used in the statistical analysis as a conservative
choice.
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