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A B S T R A C T

This study derives the fatigue resistance of welded details in orthotropic decks using structural stress (hot-spot
stress where possible) based on tests described in literature and tests by the authors. The data are supported
with linear elastic fracture mechanics simulations. Details covered are the rib to deck weld, the crossbeam to
deck weld and the deck butt weld. High fatigue resistances are found, caused by favourable loading modes
(bending and compression) and reduced driving force with the growth of cracks. The technical specification
TS 1993-1-901, part of the new generation of Eurocodes, is based on the results of this study.
1. Introduction

Steel Orthotropic Bridge Deck (OBD) structures are widely used
in bridge construction, mainly because of their high ratio between
load carrying capacity and self-weight. Most modern OBD in road
bridges consist of a deck plate supported by trapezoidal-shaped ribs in
longitudinal (i.e., traffic flow) direction and supported by crossbeams –
also called floor beams – in transverse direction. Experience from prac-
tice reveals that OBD structures are sensitive to fatigue deterioration,
often dominating the service life. Studies into the fatigue performance
have been published since the years 1960 and 1970 [1–3] and this
continues to–date [4,5]. These studies have resulted in guidelines and
standards for the fatigue design of OBD. The European standard EN
1993-2 [6] contains an informative annex with geometrical design
recommendations for OBD, aiming at preventing fatigue cracks during
the design life. The European standard EN 1993-1-9 [7], the updated
version thereof [8] and the American AASHTO LRFD design specifica-
tions [9] give tables of the fatigue resistance of various details in OBD,
enabling engineers to design OBD for a certain (bridge) application.
The IIW recommendations for fatigue design of welded joints [10], the
recommended practice DNV-RP-C203 [11] and the British Standard BS
7608 [12] provide the fatigue resistance of a limited number of all
fatigue sensitive details in OBD.

The fatigue resistance of OBD details in the aforementioned guide-
lines and standards refers to the nominal (i.e., far-field) stress as the
basis. Analyses with the Finite Element Method (FEM) show that large
stress gradients are present in the vicinity of many welds in OBD,
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causing problems in the application of the nominal stress method. Some
fatigue-sensitive details, such as the crack in the deck plate at the
junction of the rib to deck and the crossbeam to deck weld [13], are
not covered in [7,8] because the nominal stress is undefined. Similarly,
fatigue tests are often evaluated using measured strains [14], but the
locations of the strain gauges vary between the older test series, causing
inconsistencies in the fatigue resistance.

Alternatives to the nominal stress method are available that are
better suited for details with large stress gradients. Many recent studies
on OBD details use a structural or a local stress parameter as the
reference for the fatigue resistance of OBD details, such as the hot-
spot stress method [15–17], the traction stress method [18–20] and
the effective notch stress method (ENM) [21–23]. The hot-spot stress
method is able to consider the stress gradient effect, but it is less local
than the ENM, implying that it is not affected by the geometry of the
weld profile. It is also less laborious for practitioners than the traction
stress method and the ENM. This paper evaluates the fatigue resistance
of details in or near the rib to deck welds, the crossbeam to deck welds
and the deck butt welds using structural stress – the hot-spot stress
where possible or an equivalent weld stress for cracks through the weld.
A second paper evaluates the fatigue resistance of the crossbeam to
rib and rib to rib connections. Together, they form the background of
a new Technical Specification TS 1993-1-901 [24] ’Fatigue design of
OBD with the hot-spot stress method’ that will become part of the new
generation of Eurocodes.
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Fig. 1. Overview of details discussed in this paper.
2. Methods and structural details considered

Fig. 1 gives an overview of the fatigue sensitive details discussed
in this paper. Each detail is considered individually, starting from the
as-welded (i.e., uncracked) state. The detail designation corresponds
with that in TS 1993-1-901 [24]. The hot-spot stress method obtained
from surface extrapolation [10,11] can be straightforwardly applied
to all weld toe details (C1a, C2a, C5, C6a and C7). For relatively
coarse meshes composed of elements with quadratic shape function,
the hot-spot stress 𝜎ℎ𝑠 is:

𝜎ℎ𝑠 = 1.5𝜎0.5𝑡 − 0.5𝜎1.5𝑡 (1)

where 𝜎0.5𝑡 and 𝜎1.5𝑡 are the stresses at the plate surface 0.5𝑡 and 1.5𝑡
away from the weld toe, respectively, where 𝑡 is the plate thickness.
The nominal stress is used for weld failure of double load carrying fillet
welds. Following prEN 1993-1-9 [8], this stress is determined as:

𝜎𝑤𝑓 = 𝐹
2𝑎𝑤

+ 𝑀
𝑎𝑤2 + 𝑎𝑤𝑡

(2)

where 𝑎𝑤 is the weld throat, 𝐹 is the normal force per unit length
and 𝑀 is the bending moment per unit length. Note that the force-
pair method used in Eq. (2) to estimate the fatigue relevant weld stress
caused by a bending moment is conservative [25].

A typical detail in OBD with trapezoidal ribs is the single sided
partial penetration weld with cracks initiating at the root of the weld,
either at the deck plate side (Detail C1b) or at the weld side (Detail
C2b). In agreement with [26] the former crack location is evaluated
with the hot-spot stress method at the bottom side of the deck plate
inside the rib, see Fig. 2(b). The stress in the rib web governs the latter
crack location. From a theoretical perspective, the weld throat and
the eccentricity between the weld and the rib web influence the stress
distribution in the weld. The authors propose the following equation
for the weld root stress of the single sided weld (Detail C2b):

𝜎𝑤𝑓 = 𝐹
𝑎𝑤

+ 6
𝑎𝑤2

(𝑀 + 𝐹𝑒) (3)

where eccentricity 𝑒 is defined in Fig. 2(c). The appropriateness of this
equation will be verified by comparison with the ENM in the next
section.

Fatigue test data are collected from literature to evaluate the fatigue
resistance. A limited number of data or even no data are found for some
details, e.g., for manual overhead welds. Fatigue tests are performed by
the authors in such cases. In addition, linear elastic Fracture Mechanics
(FM) simulations are carried out to support the fatigue resistance of the
tests, or to evaluate the fatigue performance in case of thick deck plates.
The Appendix describes the FM model and its validation with fatigue
tests.

The data are evaluated for the number of cycles 𝑁 causing a visually
observed crack with a through-thickness length in the order of a few cm
or a surface crack with a height of at least 75% of the plate thickness
for the full deck tests, and a visually observed crack length in the order
2

of a few cm or complete failure for the component (small specimen)
tests. If available, the detail specific criteria are given in the subsequent
section. In agreement with most standards on fatigue, this number of
cycles is fitted with a Basquin relation as a function of the stress range
Δ𝜎:

log10 𝑁 = 𝐶 + 𝑚 log10 Δ𝜎 (4)

where 𝐶 is a detail dependent factor that is assumed to be normal
distributed and 𝑚 = −3 (fully informative prior for welded joints).
Run-outs are ignored in the fit. In agreement with the derivations for
other details in EN 1993-1-9 [7], the fatigue reference resistance Δ𝜎𝐶 is
defined as the stress range at which the detail survives 2 million cycles
with a 95% prediction bound [27,28]. It follows from a least-square fit
of 𝐶 as proposed by [29].

The fatigue reference resistance using the hot-spot stress method
is 90 MPa or 100 MPa for load carrying fillet welds or other welds,
respectively, of standard details [7,10]. The fatigue reference resistance
is 40 MPa for load carrying fillet welds with weld root cracks. However,
fatigue tests show that the actual resistance is much higher for many
details in OBD. Reasons are:

• The tests on which the reference resistances of 90 MPa and
100 MPa are based, are loaded in tension–tension mode with
relatively high stress ratios. Many details in OBD are loaded
in bending, often with compression at the crack initiation loca-
tion. Even though residual welding stresses are present, exter-
nal compression is reported as positively influencing the fatigue
resistance [30].

• OBD structures are generally redundant and tolerable to fatigue
cracks. Adjacent elements take over part of the load in case a
crack causes loss in flexural rigidity. In some details, a crack
initiates at a location of high traffic-induced stress (at which the
hot-spot stress is computed) but, after some growth, it enters an
area with lower stress (for which the computed hot-spot stress
is not representative), giving a reduced crack driving force. In
addition, the load is multi-directional for some details and the
crack mode is not always Mode I [31]. This influences the crack
growth rate, which is usually reported as relatively low in tests
of OBD details.

• The reference resistances of weld toe cracks of 90 MPa and 100
MPa are given for a plate thickness of 25 mm. Many elements
in OBD are thinner than 25 mm, down to 6 mm for most ribs.
A beneficial thickness effect may then arise. Sonsino et al. [32]
demonstrate that the S–N curves of welded details in thin plates
is ‘flatter’ (with a higher slope parameter) as compared to thicker
plates. This is also observed in some OBD details. Nonetheless,
the fatigue resistances are conservatively based on the standard
slope parameter of 𝑚 = −3 for ease of use.

The specific fatigue resistance of OBD details deviating from the stan-
dard resistance values is the motivation of studying the fatigue re-
sistance per detail here. Most other papers use a single or a limited
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Fig. 2. Rib to deck weld: (a) Geometrical definitions; (b) Hot-spot stress definition for deck plate cracks from the weld root; (c) Weld stress definition for weld cracks from the
weld root.
Fig. 3. Fatigue of Detail C1a, sources [23,33–41]: (a) All data; (b) Selection 𝑅 < 0, 𝑝 ≥ 0.7 and 10 mm ≤ 𝑡𝑑 ≤ 19 mm; (c) Selection 𝑅 < 0, 𝑝 ≥ 0.7 and 𝑡𝑑 = 10 or 12 mm.
number of test series of OBD details. The authors of the current study
attempted to collect a larger number of test series, to generate a solid
base for deriving the resistance per detail. Substantial differences in
resistance are observed between many individual series. This results
in large values of 𝑠 if the data of all series per detail are pooled.
Explanations for these differences are sought and subsets of data are
considered with restricted geometries and load conditions relevant for
OBD in practice. Design recommendations are derived from the data.

3. Results: Fatigue resistance per detail

3.1. Deck plate crack from the toe of the rib weld (Detail C1a)

Fig. 3 presents the available test data for detail type C1a using the
hot-spot stress 𝜎ℎ𝑠. The figure also gives the Basquin relation (average
with dotted curve, 95% confidence with solid curve). The specimens
in the different series are composed of deck plate thickness ranging
between 12 mm ≤ 𝑡𝑑 ≤ 16 mm, a rib web thickness of 𝑡𝑠 = 6 or
8 mm, and a weld ranging from fillet [33] to a penetration ratio of
𝑝 = 0.8 [34] (𝑝 defined in Fig. 2(a)) or melt through [35]. Most of
the series are carried out on specimens that consist of a deck plate
and a single rib, where the specimen has a limited width, but [21,36]
used full-scale bridge decks. The hot-spot stress is generally based on
measured strains, but in Yuan and Ocel [33,35] it is based on finite
element calculation. The latter tests are of particular interest because
various potential influencing parameters such as weld geometry have
been varied in these tests. It follows that welds with small size have
a relatively low fatigue resistance for Detail C1a, possibly related to
the difficulty of creating smooth geometric transition at the weld toe
in small size welds. A distinct effect of penetration is not present for
Detail C1a, Fig. 4(a). The same conclusion based on a single series is
made in [36].
3

All tests in Fig. 3 are carried out with the deck plate in bending with
a stress ratio 𝑅 = 𝜎𝑚𝑖𝑛∕𝜎𝑚𝑎𝑥 = 10 [39], 𝑅 = −1 [34,38], 𝑅 = −0.66 [37],
𝑅 = 0 [40] (with one test at 𝑅 = ∞) and 𝑅 = 0.3 [23,41]. The
data demonstrate an effect of the stress ratio on the average fatigue
resistance at 2 million cycles Δ𝜎2𝑒6, Fig. 4(b). The mean stress at
the decisive locations in an actual bridge deck is below 0 [21,42].
Therefore, a subset of the data is considered with the mean stress
below zero (𝑅 ≤ −1 and 𝑅 > 1) and with nominal penetration ratios
0.7 < 𝑝 < 0.85. Fig. 3(b) shows this subset. The standard deviation of
𝐶 (or, equivalently, the standard deviation of log10(𝑁)), 𝑠, is lower and
the fatigue reference resistance is higher for the subset compared to the
entire database, see the first rows of Table 1.

Considering a subset of deck plates with 𝑡𝑑 = 10 or 12 mm only,
Fig. 3(c), Δ𝜎𝐶 increases and 𝑠 reduces further, see Table 1. Indeed, plate
thickness is relatively important for weld toe cracks in plates loaded in
bending [43] but most series used a thickness of 12 mm ≤ 𝑡𝑑 ≤ 16 mm.
The FM model of Appendix is adopted to estimate the fatigue resistance
for thick deck plates. The fatigue resistance predicted with the FM
model for 𝑡𝑑 = 12 mm deviates only 1% from the resistance of Fig. 3(c),
giving confidence in the model. Applying the model to a 20 mm thick
deck plate gives Δ𝜎𝐶 = 143 MPa.

3.2. Deck plate crack from the root of the rib weld (Detail C1b)

Fig. 5(a) presents the test data of Detail C1b. (Tests in [44] are
excluded because the deck plate was loaded in tension instead of
bending.) A large scatter is present between test series, see Table 1. This
is attributed to the differences in test conditions and stress definition,
see Table 2. To account for the difference in stress definition, the stress
range of the full bridge and the full rib tests [26,36,45] in Fig. 5 is
determined as 1.11/1.04 times the reported stress, with 1.04 being the
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Fig. 4. Influence factors for Detail C1a, with point estimates (see Fig. 3 for symbol definitions) and 50% confidence interval (bars): (a) Effect of penetration ratio 𝑝 on the mean
atigue resistance Δ𝜎2𝑒6 at 𝑅 = −1; (b) Effect of stress ratio 𝑅 on the mean fatigue resistance of welds with 0.7 ≥ 𝑝 ≥ 0.85.
Table 1
Fatigue reference resistance Δ𝜎𝐶 and standard deviation of 𝑙𝑜𝑔10(𝑁), 𝑠, according to the Basquin fit of the number of 𝑛𝑓 failed data out of the
total number of 𝑛𝑡 test data.

Detail Subset 𝑛𝑡 𝑛𝑓 Δ𝜎𝐶 [MPa] 𝑠

C1a All data 186 175 111 0.32
𝑝 > 0.7&𝑅 < 0 53 50 153 0.21
𝑝 > 0.7&𝑅 < 0&𝑡𝑑 = 12 mm 25 23 179 0.13

C1b All data 122 98 81 0.36
ℎ1 = 0&𝑅 < 0 30 19 130 0.26
ℎ1 = 2 mm 38 38 78 0.24

C1c 𝑡𝑑 = 10 or 12 mm 47 34 162 0.27
𝑡𝑑 = 10 or 12 mm, small load patch surface 18 7 277 0.09
𝑡𝑑 = 10 or 12 mm, large load patch surface 32 27 167 0.18

C2a All data 55 30 157 0.32
Automatic weld & 𝑝 ≥ 0.75 24 9 275 0.10
Manual weld & 𝑝 ≥ 0.75 10 9 159 0.14

C2b All data 94 63 128 0.40
Automatic weld & 𝑝 ≥ 0.75 54 34 158 0.30
Manual weld & 𝑝 ≥ 0.75 10 8 105 0.22
Manual fillet weld 37 27 97 0.22

C5 All data 77 68 101 0.30
𝑅 < 0 (𝑅 = −4) 21 21 132 0.21

C6a All data (𝑡 = 6.4 mm in bending) 9 9 154 0.15
C6b All data 83 80 42 0.19

S1 & 𝑅 ≤ −1 21 21 46 0.21
S2 & 𝑅 ≤ −1 18 18 48 0.13

C7 All data (bending) 32 30 121 0.22
ratio of the stress 5 mm from the toe and the stress 5 mm from the
root, and 1.11 being the ratio between the hot-spot stress and the stress
5 mm away from the root based on beam theory for the deck plate
and checked with measured strain values in [26]. The nominal stress
of the single rib web to deck plate specimens is not corrected because
the stress concentration factor is expected to be close to 1.

None of the test series reported for Detail C1a contained cracks of
type C1b, except for [36]. Sim and Uang [21] show that the effective
notch stress at the weld root is approximately 15% lower as compared
to the weld toe for welds with 𝑝 ≈ 0.8, irrespective of the lateral load
position and deck plate thickness (ranging 12 mm ≤ 𝑡𝑑 ≤ 24 mm). Based
on full-scale OBD tests, [52] concludes that cracks in Detail C1a are
dominant for the loading pattern applied. Both C1a and C1b cracks
are observed in [3,36,46,49], whereas only C1a cracks are observed
in [23,34,37–41] and only C1b cracks are observed in [45,53,54]
(reference to the latter two papers in [47]). An important influence
factor is the load location: centred above or between ribs gives Detail
C1a cracks and centred above the rib web gives predominantly C1b
cracks in the full-scale tests of [36,45]. In the latter case, the hot-spot
stress at the root and the toe side (i.e., inside and outside the rib)
4

is approximately equal for the two details [45]. This implies that the
fatigue resistance of Detail C1b should be similar to that of Detail C1a.
The test results of [3,26,36,46] are in line with this but some of the
other, especially plate to plate welded tests give a significantly lower
resistance for Detail C1b.

A likely reason for the large scatter of test results for Detail C1b
is the contact condition of the rib edge to the deck plate. If the rib
is pressed against the deck plate during welding such that the lack of
fit ℎ1 = 0 (Fig. 2(a)) weld shrinkage causes contact between the rib
web edge and the deck plate [35] (Item 4 in Fig. 2(b)). Consequently,
part of the load range is transferred through this contact point, thereby
shielding the weld root location, giving a relatively high fatigue resis-
tance. This implies that the weld geometry (related to the specimen
preparation) and the stress ratio are extremely important for this detail.
This also follows from the tests:

• The series carried out with a lack of fit (ℎ1 = 2 mm), likely to
result in absence of contact, give the lowest fatigue resistance of
the entire database, Fig. 5(b). These tests are relevant for the case

that contact cannot be guaranteed.
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Fig. 5. Fatigue of Detail C1b, sources [3,26,36,45–51]: (a) All data; (b) Selection without contact between rib edge and deck plate; (c) Selection with contact.
Table 2
Test conditions of series for Detail C1b, sources [3,26,36,45–51].

Aspect Description per series

Specimen geometry Full decks with multiple ribs [36,45]. Single rib to deck plate [26]. Small specimens with one rib
web cut from a rib to deck plate assembly [3,46,47,49,50]. Inclined plate single sided welded to
another plate [48,51].

Weld geometry Some tests in [47] with melt through, all other tests with 𝑝 ≈ 1. Lack of fit ℎ1 = 2 mm (see Fig. 2(a)
for the definition), all other tests without (intentional) lack of fit.

Stress ratio 0.3 [50]; 0.2 [47]; 0.1 [26,45]; 0 [49]; −1 [48,49,51]; ≤ −1.7 [3,36,46].

Failure definition Full-scale tests [36,45] terminated at a crack height of 3 to 8 mm. Other tests terminated at specimen
failure or visually observed crack.

Stress definition Hot-spot stress determined from measured strains [26,47]. Computed stresses from through-thickness
linearisation in [18] for the data in [50]. Nominal stress (with unclear definition) [48]. Measured
strain converted to nominal stress [3,46]. Measured strain converted to nominal stress near the toe
side [36,45,51].
• The tests in [36] demonstrate a large influence of the stress ratio:
Cracks are observed in tests with stress range Δ𝜎 = 124 MPa and
mean stress 𝜎 = −16 MPa whereas cracks are not observed in
tests with Δ𝜎 = 180 MPa and 𝜎 = −90 MPa (all test terminated
at 𝑁 = 2 ⋅ 106).

• The tests without a lack of fit and with 𝜎 < 0 (𝑅 ≤ −1) give the
highest fatigue resistance of the entire database, Fig. 5(c).

• The tests in [47,52] indicate that melt-through may be (slightly)
detrimental and should be avoided.

The tests in [26,45,47,50] are carried out in full tension (𝑅 > 0) and
the contact point may then not be maintained during the entire load
cycle. The fatigue resistance following from these tests is in between
those of Fig. 5(b) and (c). As indicated before, 𝑅 > 0 is not represen-
tative for the actual condition in OBD. It should be mentioned that the
hot-spot stress definition according to Fig. 2(b) does not consider the
effect of contact, because it is impractical to account for it. The effect
is therefore implicitly considered in the fatigue resistance.

Double sided welds are proposed in [31,55,56] to improve the
fatigue performance (i.e., get rid of) Detail C2b. It may be difficult
to apply such a weld at deck splices to join large parts on site. Tests
in [19,44,57] shows no or only a small benefit of double sided welds.
Rolled ribs with thicker web edges are studied in [23] in an attempt
to increase the fatigue resistance. They give a higher fatigue resistance
compared to straight cold formed ribs for Detail C1a. However, the tests
are carried out at a too high stress ratio for practice and Luo et al. [45]
conclude that thick edge webs do not perform better for Detail C2b.
5

3.3. Deck plate crack from the root of the rib weld at the crossbeam (Detail
C1c)

The difference between Detail C1b and Detail C1c is that the latter
detail is located above a crossbeam, Fig. 6(a). The presence of the
crossbeam causes a significant stress concentration at the hot spot. The
detail is sensitive to crack initiation but, at reaching a depth of 𝑎 ≈
0.8𝑡𝑑 , the crack propagates slowly, as demonstrated in tests with a fixed
load position [58–60] or a moving wheel load [61], see Fig. 6(b). Slow
crack propagation or crack arrest in thickness direction is attributed to
the external load causing compression at the hot spot in combination
with the decaying residual welding stress deeper into the plate. The
decaying stress with increasing distance from the crossbeam, Fig. 6(c),
is expected to be the main cause of slow crack propagation in length
direction of the crack.

Fatigue tests for Detail C1c are reported using full-scale or com-
ponent specimens with a 10 mm thick deck plate in [62], a 12 mm
thick deck plate in [14,22,58–61,63] and a 16 mm thick deck plate
in [59,64]. All test campaigns used a crossbeam thickness of 12 mm
and a rib thickness of 6 or 8 mm. It is unknown if the contact point as
described for Detail C1b is maintained after welding of the crossbeam
web, but a comparison between welds with 𝑝 = 0.75 and with controlled
weld melt through in [22] demonstrates no significant influence of the
root condition on the fatigue performance (although based on a limited
number of tests). The failure criterion used for evaluating the data is
a through-thickness crack that is visually detected from the top side of
the deck plate. The tests in [61] and the 16 mm deck plate tests in [59]
were terminated before the occurrence of a surface breaking crack and
these are excluded here. The data in [64] are excluded because of a
lacking definition of the reported stress.
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Fig. 6. Description of Detail C1c: (a) Geometry; (b) Schematic of crack propagation in depth (𝑎) direction, based on [58–60]; (c) Stress decaying with distance from the crossbeam.
Fig. 7. Fatigue of Detail C1c, sources [14,58–60,62,63,67]: (a) Data with 𝑡𝑑 = 10 and 12 mm (𝐿𝑝 = patch length); (b) Data and FM with 𝑡𝑑 = 20 mm of current study (run-outs
only); (c) Curve extension for VA load estimated from FM.
The FEM is employed to determine the hot-spot stress ranges in the
tests. The model is validated with measured strains in [65]. Fig. 7(a)
presents the test data for 𝑡𝑑 = 10 or 12 mm, again showing significant
scatter. The fatigue tests in [58,59,63] (displayed in grey) give a higher
resistance than those in [14,60,62]. A possible reason for the difference
is the load patch surface, which is longer and wider in the latter group
(320 𝑥 270 mm2) compared to [58,59] (200 𝑥 260 mm2) and [63] (200
𝑥 200 mm2). As a result, the stress along the weld decays faster with
distance to crossbeam (Fig. 6(c)) in [58,59,63] compared to [14,60,62].
The patch surface in the latter group is taken from Fatigue Load Model
4 in EN 1991-2 [6]. This surface appears too long for representing real
traffic loads [66], however, a moving wheel creates a more uniform
maximum stress along the weld compared to tests with a fixed load
position [65], and the patch length of [14,60,62] is better aligned with
this. Table 1 gives the statistical evaluation using all data and using the
two groups. The high fatigue reference of Δ𝜎 = 167 MPa is confirmed
with FM simulations in [65] and it is related to the already mentioned
decaying stress with distance to the crossbeam and the loading mode,
causing plate bending with compression at the initiation point.

Because the tests available from literature are carried out with
relatively thin decks, additional tests have been carried out by the
authors with a thicker deck (𝑡𝑑 = 20 mm). Full details of the test set-up,
the specimens and the results are given in the background report [67],
a short description is given here. The specimen comprises of a deck
plate supported by eight trapezoidal ribs and three crossbeams, with
the bottom flange fully supported in vertical direction. Fig. 8(a) gives
the rib dimensions. The fluctuating load (𝑅 = 0.1) is applied on a 180 𝑥
320 mm2 rubber patch, initially applied with its centre at the junction
between the crossbeam and the rib centre of several ribs, Fig. 8(b).
Cracks initiated almost from the start of testing and they grew in length
direction at all tested locations, but they were not yet back-surface
6

breaking at test termination (106 ≤ 𝑁 ≤ 107). Because tyre loads cross
an entire bridge deck in practice, the tests were continued with the
load shifted 100 mm so that the applied load remained close to one of
the crack edges, Fig. 8(c). The cracks grew further in length direction
but only one surface breaking crack was obtained. The other test data,
summarised in Fig. 7(b), are therefore considered as run-outs.

The fatigue resistance of Detail C1c with thick deck plates is further
based on a FM model that is validated with the 12 mm deck plate
test data, see [65]. This model uses the stress intensity factors for
a rolling wheel obtained from the FEM. The model applied to 𝑡𝑑 =
20 mm gives Δ𝜎𝐶 = 204 MPa, with the corresponding curve added to
Fig. 7(b). Both tests and FM show that the fatigue resistance increases
for increasing deck thickness, with the loading mode changing from
bending to punching. The FM based resistance for thick decks is lower
than that of the tests. This is attributed to the use of a Paris equation
constant for high stress ratios in the FM, thereby assuming high residual
tensile stresses over the entire deck thickness. In reality, residual stress
gradients and relaxation under loading may occur. Therefore, crack
arrest may occur in reality, but this is not modelled with FM.

According to the FM simulations, the shape of the S–N curve devi-
ates from that of ordinary details, namely, the knee point of the curve
where the slope changes from 𝑚 = −3 to 𝑚 = −5 occurs at a much
lower stress range as compared to that of usual details. A knee point of
54 MPa is calculated for both 𝑡𝑑 = 12 and 20 mm. The low knee point
is related to the quick initiation but slow propagation of the crack. This
implies that the S–N curve shifts with respect to the number of cycles as
compared to usual S–N curves as demonstrated in Fig. 7(c). Due to the
conservative assumption for the crack growth rate as explained above,
the S–N curve shape estimate may be conservative.
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Fig. 8. Specimens of current study for Detail C1c (dimensions in mm, steel grade S355): (a) Rib and deck dimensions, crossbeam thickness = 16 mm; (b) Initial load position; (c)
Shifted load position.
Fig. 9. Specimens of current study for Detail C2a and C2b, steel grade S355: (a)
Dimensions (in mm); width = 200 mm; (b) Mounted in set-up.

3.4. Rib crack from the toe of the rib to deck weld (Detail C2a)

The worst load condition – giving the largest stress cycles – at the
rib weld toe of the rib to deck weld is when wheels of trucks cross the
bridge in alternating pattern either side of the rib web. The effective
notch stress ratio is then 𝑅 ≈ −1 [21]. Tests with cracks in the rib web
originating from the toe of the weld between the rib and the deck plate
and with 𝑅 = −1 are available from [33,68]. Tests are also reported
in [44] but the hot-spot stress is not reported and the stress ratio 𝑅 = 0.1
is too high for practice. These data are therefore excluded. Because of
the limited number of available tests, additional tests have been carried
out by the authors with two-pass automatic welds or one-pass manual
overhead welds. The latter welding procedure is applied (in shop or on
site) in assembling larger OBD parts. The test specimens and the set-up
are similar to that in [68], see Fig. 9, and they are described in full
detail in background report [69].

Cracks initiated in the weld toe and/or in the weld root in all test
series. Tests with weld root cracks only are considered as run-outs.
Fig. 10(a) gives all test data, with a distinction in colours between
automatic welds with 𝑝 ≥ 0.75 (black), manual welds with 𝑝 ≥ 0.75
(grey) and welds with 𝑝 < 0.75 (light grey). The figure demonstrates a
clear distinction in fatigue resistance between automatic versus manual
welds and large versus small penetration ratio. The difference between
automatic and manual welds is attributed to the smoother weld toe
transitions of the automatic welds (compare Fig. 10(b) and (c)). In
order to study the influence of root penetration on the fatigue perfor-
mance of the weld toe, the ENM is applied using the FEM for different
penetration ratios. A model is made in the software Abaqus 2022
consisting of eight node plane strain elements with reduced integration,
type CPE8R. The notch radii applied at the toe and at the root is
7

0.05 mm. Contact between the plates (Item 4 in Fig. 2(b)) is not
modelled. The results are evaluated as the ratio between the maximum
principal stress at the weld toe for 𝑝 = 1 and for 𝑝 < 1. This ratio
corresponds well with the relative fatigue resistance as a function of
𝑝 according to the tests in [33], see Fig. 10(d). It demonstrates the
importance of the penetration ratio for Detail C2a.

The fatigue reference resistance is Δ𝜎𝐶 = 275 MPa for the automatic
weld data with 𝑝 ≥ 0.75. This high fatigue resistance is attributed to
the small plate thickness [32], the favourable stress condition (bending
with 𝑅 = −1) and the smooth weld toe transition. The fatigue reference
resistance of manual welds with 𝑝 ≥ 0.75 is Δ𝜎𝐶 = 159 MPa and that
of automatic welds with 𝑝 ≈ 0.5 is 123 MPa. Manual overhead welds
possibly also give a worse performance than automatic welds for Detail
C1a [70], but tests are lacking to confirm this.

3.5. Weld root crack in the rib to deck weld (Detail C2b)

Eq. (3) is proposed for evaluating the stress in the weld of Detail
C2b. To verify this equation, the dependency of the stress on the
penetration ratio is compared with the ENM (using the same model as
discussed before, but now taking the maximum principal stress at the
root). The good agreement between the two methods, Fig. 11, gives
confidence in the appropriateness of Eq. (3).

Test data for automatic full or partial penetration welds (𝑝 ≥ 0.75)
are available from [33,68,71] and from the authors’ own tests [69].
Test data for manual partial penetration welds are available from [72,
73] and from the authors’ own tests [69]. Tests with weld toe cracks
only are considered as run-outs. The stress ranges are based on the
average weld throat sizes and penetration ratios as reported (literature
data) or obtained from the fracture surface [69]. The FEM is employed
to evaluate the forces and bending moments in the rib webs, see Fig. 12
for an example of the tests with concentrated loads in [71].

Fig. 13(a) gives all fatigue test data, consisting of automatic welds
with 𝑝 ≥ 0.75 (black), manual welds with 𝑝 ≥ 0.75 (grey), and welds
with 𝑝 < 0.75 (light grey). Most tests are carried out with 𝑅 ≈ −1,
which is the relevant ratio for practice. The few data carried out at
𝑅 = 0 are conservatively pooled with the other data. The scatter
in the fatigue resistance is large, 𝑠 = 0.40. This may be related to
differences in the contact between rib edge and deck as discussed
before and to irregularities of the root profile, the latter expected to
be larger in manual as compared to automatic welds. The test series
of Thonnard and Janss [72,73] has an exceptionally large scatter (𝑠 =
0.48) without clear correlation to the stress ratio or the penetration
ratio. The measured strains reported in these tests deviate from the
strains computed with the FEM model of Fig. 12, with inconsistent
differences between individual tests. (This comparison is the reason for
the dense mesh applied – a coarse mesh without explicit modelling of
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Fig. 10. Fatigue of Detail C2a at 𝑅 = −1, sources [33,68,69]: (a) Test data; (b) Automatic weld cross-section photo; (c) Manual overhead weld cross-section photo; (d) Average
fatigue resistance as a function of penetration ratio, according to the test data in [33] (black) with 50% confidence bound (grey) and relative according to the effective notch
stress method (blue).
Fig. 11. Stress of Detail C2b for various penetration ratios 𝑝, relative to the stress at
𝑝 = 1, according to Eq. (3) (black) and the effective notch stress method (ENM, blue)
for a bending moment 𝑀 (solid) and for a normal force 𝐹 (dashed).

the lack of penetration is sufficient for the computation of the force
and bending moment as input for Eq. (3).) The authors’ test results with
manual welds [69] are at the lower bound of the test results of [72,73].
For these reasons, the data of [72,73] are excluded from the evaluation.
Fig. 13(b) and (c) provide subsets of the database for automatic and
manual welds, respectively. The resulting fatigue reference resistances
are Δ𝜎𝐶 = 158 and 105 MPa, respectively.

Because the fatigue reference resistance of the manual partial pen-
etration welds is based on one series only, test data of manual fillet
welds are also collected and evaluated, Fig. 13(d). The weld stress
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according to Eq. (3) is determined from the reported membrane and
bending stress, weld throat size and penetration ratio. The resulting
fatigue reference resistance Δ𝜎𝐶 = 97 MPa is close to that of the manual
partial penetration welds, giving support of the resistance of the latter
subset. Note that the effect of penetration is considered in the stress for
this detail, Eq. (3). Fig. 11 indicates that fillet welds give a significantly
higher weld stress than welds with 𝑝 = 0.8. A lower fatigue performance
of fillet welds is also observed in [20]. The data for fillet welds are
therefore included for reference, but not recommended for practical
use.

3.6. Crack in the deck from the toe of the crossbeam-to-deck weld (Detail
C5)

Wheels crossing a bridge induce bending in the deck plate with
predominantly compression at the weld with the crossbeam. OBD
tests with weld toe cracks at this location have not been found [74].
Fig. 14(a) provides test data from small-scale tests with a main plate
loaded in bending to which a single sided attachment is welded with
cracks at the weld toe in the main plate. The main (deck) plate
thickness, attachment (crossbeam) thickness and weld throat ranged
between 9 mm ≤ 𝑡𝑑 ≤ 24 mm, 6 mm ≤ 𝑡𝑐 ≤ 16 mm and 4 mm ≤ 𝑎𝑤 ≤
6 mm, respectively. Some series are evaluated with the nominal stress
method and others with the hot-spot stress method. The data are pooled
because the hot-spot stress range is almost equal to the nominal stress
range in these specimens [75]. The relatively large scatter of the test
data – 𝑠 = 0.3 – is attributed to differences in plate thickness and stress
ratio. As the weld toe is loaded predominantly in compression in the
practical situation, Fig. 14(b) gives a subset specimens in bending with
𝑅 < −1 at the initiation site, resulting in a reduced standard deviation
Fig. 12. Finite element model in Abaqus 2022 using quadratic (20-node) solid elements with reduced integration of Type C3D20R, size 1 × 1 × 1 mm3 in the area of interest, for
evaluating the tests in [71–73]: (a) Geometry, load and boundary conditions; (b) deformed mesh with contour plot of stress aligned with rib web (red colour = high stress).
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Fig. 13. Fatigue of Detail C2b, sources [3,33,68,69,69,71–73]: (a) Partial penetration welds; (b) Automatic partial penetration welds; (c) Manual partial penetration welds
excluding [72,73]; (d) Manual fillet welds.
Fig. 14. Fatigue of Detail C5, sources [46,74–77]: (a) All data; (b) Tests with 𝑅 < −1 (𝑅 = −4).
and an increased fatigue reference resistance, see Table 1. However,
the subset contains thin plates only. Simulations with FM ( Appendix)
with the same dimensions as in the test give almost the same fatigue
resistance (Δ𝜎𝐶 = 129 MPa). The same model employed to (𝑡𝑑 = 12 mm;
𝑡𝑐 = 12 mm) and to (𝑡𝑑 = 20 mm; 𝑡𝑐 = 20 mm) gives a reduction in the
fatigue resistance of 2% and 13%, respectively.

3.7. Crack in the crossbeam from the toe of the crossbeam-to-deck weld
(Detail C6a)

Wheels crossing a bridge induce a combination of bending and
compression in the crossbeam web near the weld with the deck plate.
9

Cracks are not observed at this location in bridge deck tests in [74,78]
despite of the high stress ranges applied. Fig. 15 presents the results
of a limited number of small-scale tests with relatively thin loaded
(crossbeam) plates (𝑡 = 6.4 mm), carried out at 𝑅 = ∞. Weld root
failures are not observed in these tests even though fillet welds are
applied. This may be caused by the excessive weld throat dimensions
used in these tests (𝑎𝑤 = 6 or 9 mm).

The number of tests found is limited and the rib thickness is too
small to represent real crossbeams. Cruciform joints with the inter-
rupted plate loaded in tension or bending are widespread, but these
may not be representative for this detail because of the different stress
path and the potential influence of misalignment in cruciform joints.
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Fig. 15. Fatigue of Detail C6a, sources [46,78].

FM is employed for this reason, giving the same fatigue resistance
as the test (Δ𝜎𝐶 = 154 MPa) for the same dimensions and a fatigue
resistance reduction of 18% and 27% for (𝑡𝑑 = 12 mm; 𝑡𝑐 = 12 mm)
and (𝑡𝑑 = 20 mm; 𝑡𝑐 = 20 mm), respectively, in case of full penetration
welds (Δ𝜎𝐶 = 126 MPa and Δ𝜎𝐶 = 112 MPa, respectively). For toe
cracks at fillet welds, EN 1993-1-9 [7] provides a hot-spot stress fatigue
resistance equal to 90% of that of full penetration welds. Using the same
fraction, the fatigue reference resistance of the toe crack in case of fillet
welds is estimated as Δ𝜎𝐶 = 112 ⋅ 0.90 = 100 MPa.

3.8. Crack in the weld from the root of the crossbeam-to-deck weld (Detail
C6b)

None of the tests on crossbeam to deck welds (previous subsections)
showed cracks in the weld. The fatigue reference resistance in case of
weld root failure in cruciform joints is determined as Δ𝜎𝐶 = 38 MPa
in [28]. The scatter of the test data collected in [79] reduces sig-
nificantly if a subset with high maximum stress is considered. The
detail in OBD is loaded predominantly in compression. This may result
in an increased fatigue resistance particularly if the deck plate and
crossbeam are in full contact at the unfused land. Test data with weld
root failure in [10] carried out at 𝑅 = −1 give Δ𝜎𝐶 = 58 MPa and
a large scatter. Additional tests on cruciform joints have been carried
out by the authors to further examine the effect of weld root failure for
different stress ratios, with a full description in background report [80].
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Two series are conducted, series S1 is welded with a usual procedure
and series S2 is welded with an intended lack of fit between the plates,
see Fig. 16(a). The plates are of steel grade S355 and all welds are
manually welded with a Tenax CY17 electrode. The tests – 80 in total –
were carried out at stress ratios 𝑅 = −2, –1, 0 and 0.5. Fig. 16(b) gives
the test results. A significant influence of the stress ratio is observed
for Series S1, but only at a relatively high stress range. The stress ratio
effect is not significant in Series S2. This is further demonstrated in
Fig. 16(c), where the average fatigue resistance Δ𝜎2𝑒6 is estimated from
Eq. (4) at each test condition with applied stress range and stress ratio.
Even though the geometry of Detail C6b is different from that of a
cruciform joint, the figure indicates that one should be careful with
relying on a large mean stress effect for weld root cracks.

3.9. Crack from the deck butt joint (Detail C7)

In the vast majority of bridges, the deck plate is loaded almost
exclusively in bending and this has a positive influence on the fa-
tigue resistance of deck butt welds, [81]. An important aspect is that
misalignments do not influence the fatigue resistance in bending. Full-
scale tests with cracks in detail C7 have not been found. Double sided
welds are usually applied except for the part of the transverse weld
above the rib that is required to assemble large decks. However, the
latter single sided (V-groove) weld is not heavily stressed and tests (in
tension) in [82,83] showed cracks from the toe. Cracks from the root
are therefore not considered here. Only two series with butt welded
specimen in as welded condition loaded in bending are found, Fig. 17.
The series are not well representative of OBD because the plate thick-
ness of 30 mm in [84] is larger than the typical deck plate thickness and
the tests of [85] are carried out during or after saline water exposure
with 𝑅 = 0.1. Both series are expected to be conservative for deck plates
in OBD.

FM is employed to estimate the fatigue resistance of butt joints
loaded in bending. The resulting fatigue reference resistance is Δ𝜎𝐶 =
129 and 159 MPa for as-welded and ground flush welds, respectively,
for 𝑡𝑑 = 20 mm. These values are Δ𝜎𝐶 = 141 and 162 MPa, respectively,
for 𝑡𝑑 = 12 mm.

4. Proposed FAT classes

The FAT class – called detail category in [7] – defines the fatigue
resistance that can be used in the design. Following the convention
of EN 1993-1-9 [7], the FAT class is obtained by rounding down the
Fig. 16. Fatigue of Detail C6b (current study): (a) Specimens of Series S1 and S2 (dimensions in mm, specimen width = 120 mm); (b) Test data; (c) Influence of stress ratio and
tested stress range on fatigue resistance estimate (S1 in top figure: S2 in bottom figure).
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Table 3
Proposed FAT classes (implemented in TS 1993-1-901 [24]).

Detail Stress FAT Condition Source

C1a 𝜎ℎ𝑠 (Eq. (1))
140 𝑡𝑑 ≤ 14 mm Fig. 3(b–c)

125 𝑡𝑑 > 14 mm FM (Section 3.1)

C1b 𝜎ℎ𝑠 (Eq. (1))
125 ℎ1 = 0 mm Fig. 5(c)

80 ℎ1 > 0 mm Fig. 5(b)

C1c 𝜎ℎ𝑠 (Eq. (1))

170 𝑡𝑑 ≤ 14 mm Fig. 5(a)

190 14 mm < 𝑡𝑑 < 18 mm Interpolated

200 𝑡𝑑 ≥ 18 mm Fig. 5(b) and FM (Section 3.2)

C2a 𝜎ℎ𝑠 (Eq. (1)) 160 –
Fig. 10(a) Manual and automatic welds

combined because of small number of data

C2b 𝜎𝑤𝑓 (Eq. (3))
140 Automatic weld Fig. 13(b)

100 Manual weld Fig. 13(c–d)

C5 𝜎ℎ𝑠 (Eq. (1))
125 𝑡𝑑 ≤ 14 mm Fig. 14(b) and FM (Section 3.6)

112 𝑡𝑑 > 14 mm FM (Section 3.6)

C6a 𝜎ℎ𝑠 (Eq. (1))
112 Full penetration weld Fig. 15 and FM (Section 3.7)

100 Fillet weld FM and [8] (Section 3.7)

C6b 𝜎𝑤𝑓 (Eq. (2)) 40 Fillet weld [8]; Section 3.8

C7 𝜎ℎ𝑠 (Eq. (1))
140 Weld ground flush FM (Section 3.9)

125 Flank angle ≥ 150◦ Fig. 17 and FM (Section 3.9)
Fig. 17. Fatigue of Detail C7, sources [84,85].

fatigue reference resistance divided by MPa to one of the predefined
classes. The lowest predefined FAT class is 36 and each subsequent class
has an incremental increase of approximately 12.5%. The FAT classes
of Table 3 are proposed based on the data in Section 3.

The FAT classes of Table 3 apply to loading modes and stress ratios
relevant to OBD and they are implemented in TS 1993-1-901 [24].
They apply only to rib to deck welds with smooth weld toe transitions.
Following [35] and the authors’ tests, the weld should be extended
with weld leg lengths in the order of the stiffener web thickness to
accommodate this. Further, the welds should have a high penetration
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ratio (𝑝 ≈0.8 or larger) but melt through should be prevented (relevant
for Details C2a and C2b). This is put forward in TS 1993-1-901 [24]
by specifying ℎ4 = 𝑡𝑠 ± 1 mm and ℎ3 = 𝑡𝑠 ± 1 mm. The practical
condition given to ensure contact between the plates for Details C1b
and C2b is ℎ1 = 0 mm over 90% of the weld length (achieved in
practice by pressing the rib to the deck during welding). Table 1 shows
that the subsets satisfying the conditions in Table 3 give standard
deviations 𝑠 close to the often-assumed value for welded joints of
0.2 [11]; a substantial reduction compared to the standard deviations
of the complete databases per detail.

5. Conclusions

This paper estimates the fatigue resistance of various deck plate
details in orthotropic bridge decks from tests and fracture mechanics
simulations. The authors have carried out additional tests for details
lacking data. The hot-spot stress method is applied, except for weld
throat cracks. A simple equation (Eq. (3)) is proposed for weld root
cracks in the single sided rib to deck weld. A comparison with the
effective notch stress method indicates that this equation can capture
the effect of loading mode and lack of penetration of the weld.

High fatigue resistances are obtained (Table 3), attributed to
favourable loading modes (bending or compression for many details),
cracks growing into regions of reduced crack driving force, and small
plate thickness particularly for the rib. As a result, the crack growth rate
is typically low compared to simple welded details loaded in tension.
The geometry of particularly the rib to deck weld appears crucial
for obtaining these high fatigue resistances. The weld toe transitions
should be smooth, requiring the weld to be extended to the outer
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Table A.4
Applied equations and parameters of the fracture mechanics model.

Parameter Value or equation source

SIF semi-elliptical surface crack Equations in [86,87]
SIF correction for weld toe Equations in [88]
Weld flank angle 135◦ for cruciform joints and welded attachments, 150◦ for butt joints

and 180◦ for ground flush butt joint (SIF equation in [89])
Weld toe radius 1 mm (SIF equation in [89])
Axial eccentricity between plates 5% of plate thickness for butt welds and cruciform welds

0% for welded attachments (SIF equation in [90])
Initial crack depth 𝑎 = 0.15 mm
Initial crack length 2𝑐 = 0.30 mm
Failure criterion Surface breaking crack
Crack growth rate Two-stage relation for 𝑅 ≥ 0.5 in air in [90]
side of the rib web. The lack of fit between rib and deck should be
minimised to generate contact between these plates, thereby obtaining
a high resistance against a deck plate crack from the weld root. The
penetration ratio should be large (at least 80%) but melt through should
be prevented for a high resistance against weld and rib web cracks.
Manual overhead welds are shown to perform worse than automatic
welds in flat position, probably due to less smooth weld toe transitions.
Although the importance of some of these aspects has already been
emphasised by others, their effects are now quantified by a sufficiently
large number of tests from different series.

The standard deviations of the logarithm of the number of cycles
to failure are large (often 0.3 or 0.4) if all date of one crack type are
pooled. The standard deviations reduce to values conveniently close to
the standard value of 0.2 if considering subsets of the data with similar
geometry, loading mode and stress ratio, see Table 1. However, one
should be careful in relying on a favourable effect of the negative stress
ratio in root cracks of fillet welds between the crossbeam web and the
deck, especially if a lack of fit may apply (which is almost unavoidable
for this detail in practice).

A fatigue test program of deck plate cracks from the toes of manual
overhead welds has not been found. Such welds are unavoidable for
connecting large OBD parts on site. They have shown to perform worse
for cracks in the weld and in the rib web. Such a test program would
be welcome.
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stimates of [71–73], Fig. 12.
Appendix. Description and validation of the fracture mechanics
model

This Appendix describes the linear elastic Fracture Mechanics (FM)
model used to estimate the fatigue resistance of details in OBD with
cracks growing from the weld toe. The model is validated using well
established fatigue resistances for plates loaded in tension and using
results of individual test series for plates loaded in bending.

FM theory is considered suited for evaluating the fatigue resistance
of welded details since the life of welded details is dominated by
crack propagation. The basis of the model employed here is the British
standard BS 7910:2019 [90]. Standard equations for describing the
Stress Intensity Factor (SIF) are considered valid for all weld toe details
of study. Table A.4 provides the applied equations and parameters in
the model. A dedicated model, with SIF values determined from the
FEM, is used for Detail C1c, see [65] for the details and the validation.
Specific attention is required for the assumption of the initial crack size.
The value used here is a calibration value as derived and adopted by
many others to evaluate the fatigue life of an as-welded detail using
one single semi-elliptical crack.

The nominal fatigue reference resistance is calculated from the FM
life predictions using the characteristic (5% exceedance) crack growth
rate. For plates with a thickness of 25 mm and axial loading, the fatigue
reference resistance values are 129 MPa, 94 MPa, 77 MPa and 69 MPa
for ground flush butt joint, an as-welded butt joint, a welded attach-
ment and a cruciform joint, respectively. The corresponding nominal
fatigue reference resistance according to the standard EN 1993-1-9 [8]
are 112 MPa, 90 MPa, 80 MPa and 71 MPa, respectively (similar values
given in other standards or guidelines). The FM prediction agrees well
with the standard [8] except for the ground flush butt joint detail.
However, a collection of tests on the latter detail in [91] gives a
fatigue reference strength of 127 MPa, indicating that the standard is
conservative for this detail, and it is in a good agreement with the FM
prediction.

Fig. A.18 gives a comparison of the fatigue resistance of differ-
ent test series with plates loaded in bending and containing welded
attachments (dots) and the FM prediction thereof using the average
crack growth rate (curves). The different colours indicate different
series (with specific geometry). The nominal stress is equal to the hot-
spot stress in these simple geometries loaded in bending [75]. The
average fatigue resistance ranges between 115 MPa ≤ Δ𝜎2𝑒6 ≤ 202 MPa.
The ratio between the predicted and the tested fatigue resistance is
on average 1.0 and the standard deviation is 0.12. The decreasing
resistance with increasing plate thickness and weld toe to weld toe

distance agrees reasonable between FM and tests.
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Fig. A.18. Fatigue tests of welded plates in bending (dots – only failed data displayed) and the prediction thereof using fracture mechanics (curves): (a) Welded attachments
in [76] (with data from [46,77]); (b) Cruciform joints in [76] (with data from [92]); (c) Welded attachments in [75].
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