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The orthotropic steel decks (OSDs) are widely used in bridge engineering to support traffic loads. A possible
crack, initiating from the weld toe of rib-to-deck welded joint and growing into the deck plate, is studied using
linear elastic fracture mechanics. A detailed FE model is created and the results are compared with the fatigue
tests published. Good agreement is found between beach marks from experiments and calculated crack fronts
in FE. An engineering approach with the crack shape simplified as a semi-ellipse is applied. Geometric correction
factors for a hand calculation method is proposed based on the parametric analysis. Using the proposed correc-
tion factors, Monte Carlo simulation is carried out with failure criteria defined with respect of the crack depth
reaching “50%” of the deck thickness, “75%” of the deck thickness, and the failure criterion “2A FAD” according
to BS7910. Predicted results using the failure criterion “75%” show good agreement with experimental data,
for 5%, 50%, and 95% survival probabilities. Effects of initial crack shapes and sizes are discussed using the im-
proved hand calculationmodel. Lower fatigue resistance is foundwhen the initial crack is shallow or large. In ad-
dition to the standard weld geometry in which the weld profile is represented by a straight line, concave and
convex arc shapeweld profiles are studied. Fatigue resistance is improved in the casewith assumption of concave
arc weld profile. The difference of fatigue resistance between the cases with a straight line and convex arc weld
profiles is small.

© 2019 Published by Elsevier Ltd.
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1. Introduction

The traffic load is supported by deck plates in super structures of a
bridge. One of the most common deck plate types is the orthotropic
steel deck (OSD). It is widely used in long-span and movable bridges.
The optimization target in designwas to improve the ratio of load resis-
tance to self-weight. This leads to high stress ranges under traffic load-
ing, especially at welded joints. A lack of attention to the fatigue design
of the deck in the past resulted in highmaintenance cost today. Numer-
ous fatigue cracks have been found in the deck plates. Typical cracks
may appear at the rib-to-deck welded joint as shown in Fig. 1b. High
stress arises in the welded area under local wheel loading. Cracks may
appear from weld toe (cracks 1 and 4) or weld root (cracks 2 and
3) of the joint and grow through the deck plate (cracks 1 and 2) or the
rib thickness and weld throat (cracks 3 and 4). This paper focuses on
the analysis of the crack 1.

With a large amount of fatigue tests for OSDs carried out in the past
four decades [2–10], the relationship between fatigue life and stress
ranges (SN curves [11–13]) is developed to enable the fatigue design
of the deck. By using the nominal stress approach, structural hot spot
stress approach, or effective notch stress approach together with the
corresponding pre-defined detail category [14], the fatigue life under
traffic loading can be calculated.

It is important to understand the behaviour of crack propagation in
existing bridges. Therefore, fracture mechanics which is used for crack
propagation calculation becomes attractive. Suitable repair and inspec-
tion plans can be made based on the assessment of the current crack
state and prediction of the crack growth. In addition to its application
in aerospace andmechanical engineering, it is an interesting tool to an-
alyze the structures in civil engineering [15,16]. Aygul [17,18] studied
the 3D crack propagation under constant and variable amplitude load-
ing of the weld toe in distortion-induced situation. Brighenti [19]
reviewed the assessment of surface crack propagation under fatigue
loading using fracture mechanics. Nagy [20] carried out case studies of
an existingOSD bridge in Belgiumusing XFEM. Sanches [21] and Correia
[22] carried out a probabilistic analysis for crack initiation and propaga-
tion of riveted and notched joints, respectively. Lukic [23] and Maljaars
[24] applied probabilistic fracture mechanics to analyze the fatigue re-
sistance of welded joints.

The state of a crack tip can bedescribed by the stress intensity factors
using fracture mechanics for the crack propagation analysis [25]. After
obtaining the material properties, the crack propagation rate (da/dN)
can be calculated by Paris' law [26]. Total fatigue life can therefore be
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Fig. 1. Sketch of an orthotropic steel deck and rib-to-deck cracks (the photo of the bridge in construction is reprinted from the “FHWA” report with permission [1]).
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predicted. The stress state of a crack tip can be calculated using either
analytical solutions or numerical methods. The numerical approach is
more suitable to solve the problems with complex geometric and stress
conditions. The J-integral [27] orM-integral [28] can be numerically cal-
culated by using a contour integral [29,30].Within linear elastic fracture
mechanics frame, the stress intensity factors can be easily obtained by
these integrals. In order to provide quick engineering assessment, typi-
cal cases have already been analyzed byfinite element (FE)method. The
simplified hand calculation equations are proposed in guidelines, see
BS7910 [31]. However, the rib-to-deck welded joint is currently not
pre-qualified in design standards.

An advanced FEmodel is created following the specimen and set-up
used in the experiments carried out by Nagy [20]. Usingmulti-point ex-
trapolation method, the growth of a crack is predicted by the FE model.
Using a simplified semi-ellipse shape crack, a parametric analysis is car-
ried out. Geometric correction factors are developed for the empirical
equations proposed by Newman et al. [32]. A probabilistic analysis car-
ried out usingMonte Carlo sampling technique successfully predicts the
results from experiments with load ratios −1 and 0 [8–10,20,33–35].

2. Finite element model

2.1. Geometry of the specimen

The rib-to-deck welded joint can be loaded by a local wheel at the
positions F1 and F2 as shown in Fig. 1. The deformation and stress state
150

Fig. 2. The photo and sketch of the specimens and s
in the welded region are affected mainly by the loading positions and
constraints of the deck plate nearby. A specimen containing one longitu-
dinal stiffener with suitable boundary conditions is used in the experi-
ments to simulate a complete OSD.

The 15mm thick deck plate is stiffened by a 6mm thick longitudinal
closed stiffener as shown in Fig. 2. The cross section characteristics are
taken from Nagy's thesis [20]. The detail simplified with 100% penetra-
tion is used for the FE analysis in the current paper. The trapezoidal stiff-
ener with upper width 300 mm, lower width 150 mm, height 275 mm,
and chamfer radius 24 mm is used. On the left and right hand side, the
extended widths of the plate are 150 mm and 300 mm, respectively.

2.2. Loading and boundary conditions

In Fig. 2, the set-up is designed with clamping constraints on the left
hand side using bolted connections and simple support on the right
hand side using rolled plates. Cyclic loading is applied by the hydraulic
actuator connected to the deck plate by using steel plates with the
load ratio −1 or 0. The main purpose of the fatigue test is to study
crack propagation under cyclic loading. Different amplitude load ranges
are applied which result in the visible marks (“the beach marks”) in the
fracture surface because the crack growth rates are different when load
ranges are changed.

A 3D finite element model, see Fig. 3, is created by the commercial
software package “Abaqus 6.14-1” [29] with the dimensions, loading,
and boundary conditions shown in Fig. 2. The load range 31 kN
Load
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300 300
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R24
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5

et-ups for “beach mark” tests [20] (unit: mm).
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fixed
simply supported
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Fig. 3. FE model without crack.
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(minimum 0 kN and maximum 31 kN) is applied on the FE model fol-
lowing specimen 10 (S10) in Nagy's thesis [20]. For the interaction of
loading plates and deck, the “hard contact” is used in the normal direc-
tion and “penalty function”with friction coefficient 0.3 in the tangential
direction [29]. A gap of 0.25 mm is defined between the loading plates
and specimen in the FE models.

2.3. Crack insert

A crack is included at theweld toe position, perpendicular to the bot-
tom surface of the deck plate. A half part of the crack with a depth a and
a half length c is shown in Fig. 4a.

2.4. Meshing and element types

The specimen is fabricated from structural steel Grade S355which is
considered as a linear elastic material with Young modulus (E) and
Poisson's ratio (ν) 210 GPa and 0.3, respectively. 20-node quadratic
brick element “C3D20” is used for the specimen which is suitable
to model a local stress concentration of linear elastic materials [29].
Fig. 4. FE model with initial crack.
8-node linear brick element “C3D8” is applied for the loading system
to reduce the computational cost [29].

When the crack is introduced into themodel, a sub part is selected in
the software “FRANC3D” [30] which is meshed by 10-node quadratic
tetrahedron element “C3D10” and will be remeshed during the crack
propagation based on the inserted crack. Around the crack front, a
part of FEmesh is modeled by “one ring” of “C3D15”(15-node quadratic
triangular prism element) and two“adjacent rings” of “C3D20” [29], see
Fig. 4b. The 3-circle elements are used to calculate the M-integral. In
Fig. 5, the sketch of elements used in the FE models is shown.

2.5. Stress intensity factors calculation

Stress intensity factors can be calculated using M-integral for a
mixed-mode problem. Different equilibrium states need to be used in
the analysis. A relationship between J-integrals and M-integral is
shown by Eqs. (1) and (2). The superscripts “1” and “2” represent two
independent equilibrium states, and the superposition of two states is
a new equilibrium state “0” [28]. In finite element calculation, the M-
integral can be calculated by Eq. (3).

According to Yau [28] andWarzynek [36], stress intensity factors, KI,
KII, and KIII, can be calculated via theM-integral using Eq. (4). Parameter
Aq is the area of virtual extension along the crack front and superscripts
2a, 2b, 2c represent fracturemodes I, II, and III, respectively. It should be
noted that when the crack is at the surface, (1 − ν2)/E needs to be
replaced by E due to the change from plane strain to plane stress
condition.

J 0ð Þ ¼ J 1ð Þ þ J 2ð Þ þM 1;2ð Þ ð1Þ

where

M 1;2ð Þ ¼
Z

Γ
W 1;2ð Þds− T 1ð Þ

i

∂u 2ð Þ
i

∂x
þ T 2ð Þ

i

∂u 1ð Þ
i

∂x

" #
ds

 !
ð2Þ

in which W(1,2) is the mutual potential energy density of the elastic
body, Ti(1) and Ti

(2) are the surface tractions, ui(1) and ui
(2) are the dis-

placement vectors [28]. Γ is an arbitrary path close to the crack tips.
Origin of the coordinate system locates at the crack tip. ds and ∂x repre-
sent the differential of arc length along path Γ and the component in x
axis direction, respectively.

M 1;2ð Þ ¼
XN
n¼1

X3
m¼1

FnHm½ �ΔSn ð3Þ

in which Fn is the integral function, Hm is the weight coefficient of the
Gaussian quadrature formula (m is the number of circles), and Δsn is a
segment of the integration path within nth element (n is the number



Fig. 5. Sketch of the elements used in the FE models [29].
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of element in one ring) [28,36].
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3. Numerical results

3.1. Evaluation of crack growth

When applying fracture mechanics approach to the fatigue life pre-
diction, an initial crack needs to be included into themodel as a starting
point. The relationship of crack growth rate, da/dN, and the stress inten-
sity factor range, ΔK, is empirically described by Paris' law, see Eq. (5)
[26] where C and m are empirical material parameters obtained from
experiments [25]. In this section, the threshold value ΔKthreshold is 63
N/mm3/2, due to the high residual stress in thewelded joints. The details
can be found in Section 5.

da
dN

¼ C ΔKð Þm;ΔKNΔKthreshold ð5Þ

In every increment, the crack growth at the deepest position, Δam is
predefined. At other points, the crack increase is controlled by the rela-
tionship shown in Eq. (6) where C and m are set as 2.47 × 10−13 and
3.00 respectively based on the value in Nagy's thesis [20]. In Fig. 6, a
am a1 a2

an

Old crack front

New crack front

Fig. 6. Sketch of the crack propagation approach used in “FRANC3D” [30].
sketch of this extrapolation is shown.

Δai ¼ Δam � ΔKeff ;i

ΔKeff ;m

� �m

; i ¼ 1…n: ð6Þ

Comparison of the calculated marks (solid green lines) and mea-
sured beachmarks (dash black lines) of specimen10 fromNagy's exper-
iments [20] is shown in Fig. 7. Good agreement is found between FE
calculation and experimental results both in the crack shapes and fa-
tigue life. This indicates that applying Paris' lawwithΔK from FEmodel-
ling to predict the fatigue crack propagation of the rib-to-deck welded
joint is suitable. Intersection angle of the crack front and surface, θ, is
small. A properly assumed crack from the beginning is important for
the crack propagation simulation at the edges.

3.2. Stress intensity factor ranges along the crack front

Distribution of stress intensity factor ranges in mode I (ΔKI) along
the crack fronts at the 7 steps of calculation is shown in Fig. 8. In the be-
ginning, maximum values are at the deepest positions (ϕ = π/2) of
crack fronts. When the crack depth a closes to the half thickness of the
deck plate (a = 7.06 mm), ΔKI increases faster at ϕ = 0.6π/2 = 0.94.
It indicates the change of the crack shape. ΔKI at ϕ = π/2 = 1.57
grows from 689 N/mm3/2 to 748 N/mm3/2 when a increases from
4.88 mm to 7.06 mm and then grows slowly till 8.88 mm. At ϕ =
0.6π/2 = 0.94 the growth of 77 N/mm3/2 and 84 N/mm3/2 are found in
the first four and the last three increments, respectively.

4. Geometric correction factors

It was shown that the crack extrapolated bymulti-points using Paris'
law can predict fatigue life and crack shapes well. It would be necessary
to introduce a crack following the shape observed in the experiments. In
current design codes like IIW recommendations and BS7910 [14,31], the
surface crack shape is described by a depth a and a half length c of a
semi-ellipse, see Fig. 9. In order to be consistent with engineering prac-
tice, all cracks defined in the following sections are based on this as-
sumption for the sake of simplification. Only two points, the deepest
and surface points, are used to identify the crack propagation. Similarly
with the aforementioned approach, the depth increment a is



15 mm

θ

Fig. 7. Comparison of the calculated crack shapes (solid green lines) and beachmarks (dash black lines) [20]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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pre-defined and corresponding fatigue life is calculated by Paris'
law. The growth of the half length c can then be calculated. This ap-
proach is developed by “Newman and Raju” and gives a good predic-
tion of semi-elliptical crack propagation under tension and bending
loads [37]. Stress intensity factors are calculated by the empirical Eq.
(7) [32].

It is necessary to correct the basic Eq. (7) [32] with the geometric
correction factorMkwhen different shapes of joints containing complex
details are analyzed, see Eq. (9). For the rib-to-deck welded joint, the
plate (deck) is strengthened by the longitudinal rib which causes the
local stress concentration. In Eq. (9), ΔKI is calculated based on Mk.
Membrane (Mm) and bending (Mb) correction factors are separately
treated for the semi-elliptical surface crack. In this case, bending stress
is the dominant component at the cross section of the deck plate at
weld toe of the rib-to-deck welded joint.

ΔK I ¼ MmΔσm þMbΔσbð Þ �
ffiffiffiffiffiffi
πa
Q

r
ð7Þ

where Δσm and Δσb are the membrane and bending stress ranges, re-
spectively. Q is the flaw shape parameter according to [32]:

Q ¼ 1:0þ 1:464
a
c

ð8Þ

ΔK I ¼ Mk Mm 1−Ωð Þ þMb Ωð ÞΔσHSS

ffiffiffiffiffiffi
πa
Q

r
ð9Þ

Ω represents a proportion of the bending stress in structural hot spot
stress range ΔσHSS. The parameter Ω is set as 1 in the current paper.

In Sections 4.1 to 4.3, three types of weld profiles are considered,
Type 1, Type 2, and Type 3 as shown in Fig. 10. Type 1 profile repre-
sents the most common assumption of the weld profile by using a
straight line. Type 2 and Type 3 profiles replace the straight line by
Fig. 8. Stress intensity factor ranges at crack fronts for the specimen 10 in Nagy's
experiments [20].
a concave and a convex arc to consider the favourable and
unfavourable assumptions, respectively. Geometric correction factors
(Mk) for calculation of the stress intensity factors based on these
three types are obtained using the results from the FE modelling. For
Type 2 profile, the strength of the weld throat may be weakened
due to the removal of weld material. Research of that topic is left
out of the scope of the current paper.

4.1. Type 1 weld profile

Stress intensity factors along the crack front for Type 1weld profile is
calculated with different crack shapes (ratios a/c = 0.067, 0.1, 0.2, 0.5)
and sizes a/tdeck (a/15 mm) in the range from 0.0067 to 0.73, where
tdeck is the deck plate thickness. The values c/a = 2, 5, 10, 15 are origi-
nally used when inserting an initial crack in the FE models. To keep in
linewith the parameters in design codes, a/c is used in this paper. An in-
crement of a=1.0mm is used for the crack a N 1.0 mm. For a b 1.0mm,
the increment of 0.1 mm is applied. The analysis is based on the FE
model, see Fig. 3.

In Fig. 11, the normalized ΔKI obtained at the load range 1 kN at
three positions, ϕ = 0, π/4, π/2, is shown based on the results from
FE. The position ϕ = π/4 is intentionally shown here for a comparison
with the values at the surface, ϕ = 0. ΔKI increases with the crack size
grows. A linear increase trend is shown when the relative crack depth
a/t is between 0.1 and 0.5. At the positions ϕ = π/4 and π/2, the
values are rather close till a/t reaching 0.60 from where the ΔKI starts
to drop at ϕ = π/2. At the surface, ΔKI is smaller than at the positions
ϕ = π/4 and π/2.

The geometric correction factorMk is calculated by dividingΔKI from

FE calculation with ðMmð1−ΩÞ þMb ΩÞΔσHSS

ffiffiffiffiffiffi
πa
Q

r
according to Eq. (9).

The results are plotted in Fig. 12 and the calculated results are described
by fitted curves with dash lines.

Based on the calculated Mk, the hand calculation equations for the
correction factor at the deepest crack pointMk,a (ϕ= π/2) and the sur-
face edgesMk,c (ϕ=0) can be proposed byfitting the FE resultswith the
curves. In Fig. 13, two fitted curves are shown forMk,a, the dash curve in
cyan colour for the cracks with a/c = 0.1 and dash curve in blue colour
for all the considered cracks. A small difference between the fitted
curves is observed when a/t b 0.1. For a/t N 0.1, the curves containing
all the data show slightly smaller values. For shallow cracks a/c =
0.0667, a clear drop is found when a/t N 0.6. It is explained as the effect
Semi-ellipse

Fig. 9. Typical surface crack simplification in the design code BS7910 [31].
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Fig. 10. Sketch of the weld profile used in the model (unit: mm).

6 W. Wu et al. / Journal of Constructional Steel Research 162 (2019) 105700
of stress redistribution caused by the change in structural integrity with
the propagation of cracks. The fitted curve in the case a/c = 0.1 is used
for all the considered cases in the calculation of Mk,a. It is suitable be-
cause fatigue propagation period with small cracks dominates the
total fatigue life. Fig. 14 presents FE results and fitted curves for Mk,c.
For different crack shapes, the difference can be observed in small
cracks. For instance, a/c = 0.0667 have higher Mk,c when a/t b 0.6 and
drop faster with the crack growth compared with the case a/c = 0.1.
Moreover, the coefficient of determination is 0.7729, lower than the
value 0.9793 in fittingMk,a.

By introducing the geometric correction factor Mk, the calculation
procedure using the fitted curves is given as follows. The calculation
can be divided into two steps.

Firstly, the values of Mk,a and Mk,c with the crack shape a/c = 0.1 is
calculated using Eq. (10). Correction factors are Mk,a and Mk,c01 where
subscript 01 means a/c = 0.1. For Mk,a, the subscript 01 is not written
because it is assumed that the case with crack shape a/c = 0.1 repre-
sents all the considered cases.

Secondly, a crack shape correction factor, Msc, is added to
calculate Mk,c using Eq. (11). Eq. (12) gives the formula for Msc.
A maximum difference ±0.12 of the deviation ((Mk,c.fitted ‐ Mk,c.FE)/
Mk,c.FE) for the hand calculation by the fitted curves compared
Fig. 11. ΔKI under load range 1 kN with a/c = 0.1.
with FE results is shown in Fig. 15. The parameters, p1 to p5,
of these fitted curves for calculating Mk,a and Mk,c are shown in
Table. 1.

Mk;a ¼ p1 � ep2 �a=t þ p3 � ep4 �a=t
Mk;c01 ¼ p1 � ep2 �a=t þ p3 � ep4 �a=t

ð10Þ

Mk;c ¼ MscMk;c01 ð11Þ

in which:

Msc ¼ p1 � e
−a=c
p2 þ p3 � e

−a=t
p4 þ p5 � e

−a=c
p2 � e

−a=t
p4 ð12Þ

4.2. Type 2 weld profile

Type 2 profile represents the favourable weld profile with smaller
interaction angles between the base material and weld. Compared
with Type 1 profile, Mk,a at position ϕ = π/2 is smaller with the values
around 1when the relative crack depth a/t is close to 0, see Fig. 16. It in-
dicates that Type 2 profile effectively reduces the local stress
Fig. 12. Geometric correction factors at 3 positions with a/c = 0.1.



Fig. 13. Geometric correction factor Mk, a with various crack shapes.
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concentration at the weld toe and it is a beneficial weld profile for fa-
tigue resistance. At position ϕ = 0, Mk,c is close to 1.3 and also drops
with the increase of crack. In general, Mk changes linearly with the
crack growth. The calculation of fitted curves follows Eqs. (12) and
(13), and parameters are shown in Table. 1.

Mk;a ¼ p1 � a=t þ p2
Mk;c01 ¼ p1 � a=t þ p2

ð13Þ

4.3. Type 3 weld profile

The correction factor Mk for Type 3 profile is shown in Fig. 17. The
factor has a trend similar to Type 1 profile which shows large values
when the cracks are small. Eqs. (10) and (12) are used for fitting the
curves. The numerical values are shown in Table. 1.

In Fig. 18, correction factors for three types of cracks are compared.
The values of Mk,a are very close for Types 1 and 3 while the difference
is slightly larger forMk,c. As already discussed, Type 2 profile has smaller
values compared with Types 1 and 3 weld profiles.
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Fig. 14. Geometric correction factorMk, c with various crack shapes.
4.4. Validation with experiments

To verify the results of this simplified calculation, the specimen 10 in
Nagy's thesis is used with the initial crack a0 = 0.13 mm, c0 = 137.20
mm, Ca=2.47 × 10−13 , Cc=5.21 × 10−13, andm=3.00 [20]. The def-
inition of these parameters is given in Section 5.

In Fig. 19, the calculated crack depth, a, propagates exponentially
with load cycles. The results show good agreement with experimental
values. For the half length c, the calculated results grow slower com-
paredwithmeasured lengths from beachmarks. This is understandable
if we recall that the end angles θ in Fig. 7 are much smaller than the as-
sumed θ = π/2 which is the predefined values in the hand calculation
model. Based on the crack propagation calculated by Eq. (6), a distance
Δai is calculated to propagate the crack front at each point. The propaga-
tion direction is perpendicular to the old crack front. The growth of the
half crack length Δc is Δan/ sin (θ). A small θ results in a smaller sin(θ)
and therefore a larger Δc. It should be noted that the increase of crack
depth a dominates total fatigue life when the crack is so shallow. Accu-
rate prediction of the crack depth a guarantees the fatigue life
prediction.

In case that the geometric correction factor Mk is not applied in the
calculation (dash lines), the crack propagation will be much slower,
and therefore the fatigue resistance may be overestimated.
5. Probabilistic analysis

5.1. Fatigue life calculation

Probabilistic analysis is performed using Monte Carlo simulation for
the crack initiating from the weld toe of the rib-deck welded joint in
Table 1
Parameters for fitting the geometric correction factorsMk.

Fitted Type 1 Type 2 Type 3 Types 1, 2, 3

Constant Mk,a Mk,c01 Mk,a Mk,c01 Mk,a Mk,c01 Msc

p1 0.96 1.93 −0.47 −0.90 1.73 4.26 7.43
p2 −38.26 −46.63 1.07 1.32 −60.97 −61.91 0.05
p3 1.06 2.21 – – 1.12 2.43 0.72
p4 −0.53 −1.36 – – −0.65 −1.61 −1.36
p5 – – – – – – −5.51
R-square 0.9936 0.9986 0.9900 0.9800 0.9919 0.9950 0.9551
Equation 10 10 13 13 10 10 12
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OSDs. Fatigue life of the specimen is evaluated by the Paris' law, Eq. (5)
[26], with different failure criteria (crack depth reaches “50%” of the
deck plate thickness used by Lukic and Cremona [23], “75%” by IIW rec-
ommendations [14], and “2A FAD” in BS7910 [31]). Eq. (9) is applied to
calculate stress intensity factor ranges with the Mk obtained as
discussed in Section 4. According to Zerbst et al. [38], the secondary
stresses (welding induced residual stress in this case) effect may be re-
laxed during crack propagation.Discussion of the secondary stress effect
for the failure criterion is left out the scope of the current paper. Only
primary stresses caused by an external load are considered in the “2A
FAD” calculation in the current paper.

In the engineering analysis, the total fatigue lifeNf is divided into the
crack initiation period Ni and the crack propagation period Np, see Eq.
(14). When the crack can be observed by eye or the strain distribution
is affected, the stage is defined as the end of crack initiation. However,
small flaws may be induced in the material during the manufacturing
or fabrication process. For welded structures, these initial flaws are
heavily affected by the welding procedure and cooling conditions.
Welded joints contain larger imperfection than the basematerial. A con-
servative way to calculate the fatigue life of welded structures is to as-
sume that the propagation of the small flaw is equal to the total
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Fig. 17. Geometric correction factors at 3 positions with a/c = 0.1 of Type 3 profile.
fatigue life (Nf). This assumption is used in the current paper for the
Monte Carlo simulation based on linear elastic fracture mechanics.

Nf ¼ Ni þ Np ð14Þ

5.2. Parameters of probabilistic distributions

Table 2 lists the probabilistic density functions and the input vari-
ables used in the Monte Carlo simulation. The explanation of numerical
values is shown:
5.2.1. Initial crack depth a0
Initial cracks in welded structures may originate from notches

caused by fabrication procedure. The sizes can range from grain scale
to several millimeters. The mean value a0 = 0.1 mm is proposed by
IIW recommendations [14] and has been proved to be suitable for
many cases. The IIW recommendations don't give the Coefficient of Var-
iation (CoV), therefore Lognormal density functionwith themean value
a0 = 0.11 mm and CoV 1.00 are used following the findings in the EU
Report “BriFaG” [39].
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5.2.2. Initial crack shape a0/c0
Various crack shapes exist in welded joints ranging from 0 to 1 with

structural details, crack depths, and applied stresses [23]. Under bend-
ing stress, it is recommended to use a0/c0 = 0.10 as the mean value by
IIW recommendations [14], and the CoV 0.41 is taken from the paper
of Lukic and Cremona [23].
Table 2
Variables and probabilistic functions for the Monte Carlo simulation.

Variable Density function Mean value CoV

a0 Lognormal 0.11 [39] 1.00 [39]
a0/c0 Lognormal 0.10 [14] 0.41 [23]
Ca (R = −1) Lognormal 1.00 × 10−13 [24] 0.98 [24]
Ca (R = 0) Lognormal 5.21 × 10−13 [24] 0.98 [24]
Cc Lognormal 5.21 × 10−13 [24] 0.98 [24]
m Deterministic 3.00 [14] –
ΔKthreshold (R = −1) Lognormal 170.00 [24] 0.20 [24]
ΔKthreshold (R = 0) Lognormal 63.00 [14] 0.40 [39]
σy Lognormal 350.00 [39] 0.07 [39]
σu

a Lognormal 525.00 [39] 0.07 [39]
BHSS Lognormal 1.00 [39] 0.05 [39]
Kmat Weibull 2250.00 [39] 0.25 [39]

Notes: Units in N and mm.
a σu = 1.5 ⋅ σy.
5.2.3. Paris' law parameters C,m, and ΔKthreshold

Material parameters C andm are often analyzedwith Lognormal and
Deterministic distribution, respectively [39]. The value ofm is set as 3.00
following IIW recommendations [14] which is the same as the slope of
SN curves for normal stress. Parameter C is affected bymicro structures
of material and the applied stresses. The load ratio (R) can affect its
stress situation and therefore the values of C. Residual stress induced
by welding is hard to be assumed without knowing the details of
welding process and constrains conditions during welding. In the cur-
rent paper, 2 load ratios R=−1 and 0 are included inMonte Carlo sim-
ulation. The values of material parameters Ca and Cc are taken from
Maljaars et al. [24] which are obtained based on the experiments
using the steel plate cut from the OSD. The threshold value of stress in-
tensity factor range ΔKthreshold is also lognormally distributed and influ-
enced by the load ratio. The mean value 63 N/mm3/2 is used for R = 0
following IIW recommendations [14], and 170 N/mm3/2 for R = −1
from the findings in Maljaars et al. [24].

5.2.4. Structural steel property σy and σu

Structural steel Grade S355 is considered with the yield stress
350 MPa distributed in Lognormal density function with CoV of 0.07
and the ultimate stress assumed as 1.5 times of yield value following
the values used in the report “BriFaG” [39].

5.2.5. Structural hot spot stress deviation ratio BHSS
The structural hot spot stress range (ΔσHSS) is obtained by extrapo-

lation from the recommended surface points to thehot spots to consider
the stress concentration. The deviation between the actual and calcu-
latedΔσHSS can be considered byBHSS ⋅ΔσHSSwhere the ratio BHSS is Log-
normal distributed according to the report “BriFaG” [39].

5.2.6. Fracture toughness Kmat

The resistance of material for fracture is controlled by its fracture
toughness Kmat which finally affects the crack sizes. In the road bridges,
the value is treated as Weibull distribution following the work of Lukic
[23,39].

5.3. Existing fatigue test data in literature

The surface extrapolationmethod for structural hot spot stress and a
summary of the set-ups considered are shown in Fig. 20. The tests were
carried out till the failure of specimens. As the details of Nagy's tests
have already been introduced in Section 2. For all the experiments,
ΔσHSS are linearly extrapolated to the weld toe by the values at two po-
sitions (Δσ1 and Δσ2). The stress ranges are derived from strain mea-
sured by the gauges attached at the bottom of the deck plate except
the results of Yuan [9] in which the stress ranges are calculated by the
FE models. For the set-ups, the top deck plate is simply supported at
the sides and fatigue loading is applied in the area between two longitu-
dinal stiffeners, see Fig. 20b. One exception is the set-up used in Yuan
[9]. The load is applied from the bottom of stiffener. It should be noted
that narrow specimens are used in Yuan [9] and Li [33] with widths of
150 mm and 108 mm, respectively. For other tests, the widths of speci-
mens range from400mm to 600mm. In Table 3, thematerial properties
of the specimens which are given by the authors in literature [8,10,33]
are listed. In the current paper, only the tests results withweld penetra-
tion larger than 75% are selected and analyzed. These joints have the de-
tail category “71” in EN1993-1-9:2006 using nominal stress approach
[11]. Moreover, only the cracks initiating only from the weld toe in
these tests are included. These results are grouped in the current
paper for the fatigue resistance analysis using the structural hot spot
stress approach.

Fig. 21a summaries the results from Bignonnet (1990) [34], Dijkstra
[35], Yuan [9], Nagy [20], Li [33], under load ratio R = −1. In Dijkstra
[35], load ratio−0.66 is used. It is grouped to R = −1. The fixed slope
3.00 is used in the statistical evaluation. Fatigue resistance at 2 million



Fig. 20. Summary of the set-ups for fatigue tests available in literature (unit: mm) [8–10,33–35].
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cycles has a mean hot spot stress range (survival probability 50%)
195MPa. For the upper (survival probability 5%) and lower bound (sur-
vival probability 95%), the stress ranges 292 MPa and 131 MPa are ob-
tained. It should be noted that the statistical analysis with survival
probability 95% on a two-sided confidence level of 75% with fixed
slope 3.00 at 2 million cycles is the approach used in EN1993-1-
9:2006 [11] for determining the characteristic value of detail categories
under normal stress. Fatigue resistance 131 MPa can be treated as the
Table 3
Properties of the specimens in literature [8,10,33].

Reference σyield [MPa] σultimate [MPa]

[8], 6 mm rib 400 495
[8], 16 mm deck 353 508
[10] 345 510
[33] 281 424
classification of the weld toe crack based on listed experiments using
hot spot stress.

The results from Yuan [9], Nagy [20], Heng [8], Cheng [10] under the
load ratio R=0 are shown in Fig. 21b. Fatigue resistance at 2million cy-
cles with mean value 142 MPa is found for R = −1 and 0. The upper
(survival probability 5%) and lower bound (survival probability 95%)
are 270 MPa and 75 MPa are obtained. Fatigue resistance of the joint
is affected by the load ratio R. This can be explained when recalling
Paris' material parameter C with different load ratios, see Table 2. Re-
sults are thus divided into two groups, R = −1 and 0, in the following
section analysis.

5.4. Monte Carlo simulation

For each simulation, 105 Monte Carlo samples are created using the
aforementioned parameters. A random combination of these values is
used in the calculation. Fatigue life based on the fracture mechanics
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Fig. 21. Fatigue test results with load ratios R = −1 and R = 0 from literature.
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calculation is then obtained. The comparison between experimental
data and prediction results by Monte Carlo simulation is shown from
Figs. 22 to 28. The results are grouped based on the failure criteria and
load ratios.

For the load ratioR=−1, very good agreement is foundbetween the
simulation and experiments at the mean (50%), upper (5%), and lower
(95%) bound limits with failure criterion “75%”. The mean stress is
192MPa, only 3MPa lower than the experimental value, and the differ-
ences between experimental data and simulated results are within 3%
for the mean and two bound limits. Themean and characteristic values
(lower bound) are themost interesting values in the fatigue assessment.
These two parameters are discussed in the following sections.With fail-
ure criterion “50%”, the predictedmean value fromMonte Carlo simula-
tiondrops8%(from192MPato176MPa)comparedwithfailurecriterion
“75%”. The values of lower bounds decrease 11% (from 130 MPa to
116MPa).For the“2AFAD”approach, theresultsarecloseto “75%” failure
criterionwith themean value 187MPa and lower bound value 124MPa.
The differences between “2A FAD” and “75%” are within 5%.

Figs. 25 to 28 showtheresultswith load ratioR=0.The fatigue resis-
tance is lower than the caseR=−1. In Fig. 25, the simulatedmeanvalue
(139MPa) isclose to theexperimentaldata(142MPa). It shouldbenoted
that the circle black point shows very good fatigue performance from
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Yuan [9] and that pointmay cause this large deviation in statistical anal-
ysis. A comparisonwithout that point is shownafterwards. In Fig. 26, the
meanvalue fromtheexperiments reduces from142MPato135MPa.The
lower bound increases from 75MPa to 86MPa. The predictionwith fail-
ure criterion “75%” shows a goodmatchwith experimental data (differ-
ence 3% for the mean value). The deviation of experimental data is
slightly larger than the simulated values (difference 10% for a lower
bound). For the “2A FAD”, the results are close to failure criterion “50%”
(difference within 4%). It may because the structural hot spot stress
range is selectedwithvalues185MPaand247MParandomlydistributed
for samples inMonteCarlosimulation.ThemaximumstresswithR=−1
isonlyhalf of thevalues in caseR=0.This affects thefinal cracksizesand
the calculated fatigue resistance. The results with failure criterion “2A
FAD” are close to failure criterion “75%” and failure criterion “50%”with
R=−1 and 0, respectively.

The initial crack depth (a0) is expected to have a big influence on fa-
tigue life [39]. With different initial crack shapes, a0/c0, the crack shapes
in the propagation period are different, which may affect the fatigue re-
sistance. The effects of initial crack shape a0/c0 and crack depth a0 on the
fatigue resistance are presented in Figs. 29 and 30 with the failure crite-
rion “75%”. Structural hot spot stress ranges at 2 million cycles with
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survival probability 50%, Δσ2E6, are used as the vertical axis. In the cur-
rent analysis, a0/c0 = 0.001 is selected to represent the case of a0/c0 ≐ 0.

Under R=−1, the mean values increase from 154MPa to 189MPa
with a0/c0= 0.001 to a0/c0= 0.05. It then growswith a smaller slope to
195 MPa when a0/c0 = 1. Similar trend is found at R = 0 while the fa-
tigue resistance is lower.

In Fig. 30, nonlinear decreases in fatigue life with the increase of a0.
The fatigue resistances have decreased from 192 MPa to 120 MPa with
a0 increases from 0.1 mm to 5.0 mm when R = −1. Similar trend can
be seen when R = 0 with Δσ2E6 reduces from 139 MPa to 81 MPa. For
the case of a0/c0 ≐ 0, a fast drop can be seen when a0 changes from
0.1 mm to 2.0 mm. Decreases of 66% (from 157 MPa to 53 MPa) and
70% (from 96 MPa to 28 MPa) are obtained when a0 changes from
0.1 mm to 2.0 mm under R = −1 and 0, respectively. The values then
decrease slower till a0=5 mm.

5.5. Effect of the weld profiles

Types 2 and 3 weld profiles, shown in Fig. 10, consider weld shape
effect on the fatigue resistance of the joints.
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In this section, probabilistic analysis is carried out for Types 2 and 3
profiles. In Figs. 31 and 32, the fatigue resistance obviously increases
when the interaction angle between weld and base materials is small,
with 15% (from 192 MPa to 221 MPa) and 31% (from 139 MPa to
182 MPa) increase at mean values under R = −1 and R = 0 in Monte
Carlo simulation, respectively.

For the Type 3 profile with round weld toe, the values are very
close to the Type 1. Under R = −1 and R = 0, the predicted mean
values of fatigue resistance at 2 million are 188 MPa and 135 MPa
which give a difference within 3% compared with Type 1 profile, see
Figs. 33 and 34.

6. Conclusions

The fatigue crack of rib-to-deckwelded joint initiating fromweld toe
and growing through deck plate in orthotropic steel decks is studied
using linear elastic fracture mechanics. By adding the geometric correc-
tion factorsMk, which is a function of the crack size and plate thickness,
to the empirical equations for a semi-ellipse crack under bending, the
analytical hand calculation model can be applied for the weld toe
crack propagation in the rib-to-deck joint. The following conclusions
are made from this study:

• Fatigue crack propagation can be predicted by FE using multi-points
extrapolationmethodwith condition that the shape of initial crack in-
sertion is properly assumed.

• Geometric correction factorsMk obtained by fitting the FE resultswith
numerical functions can be added to the basic model for a crack prop-
agation calculation model developed by Newman. Good agreement is
found for the crack depth propagationwhen comparing the calculated
values with “beach marks” from experiments.

• With shallow cracks, the simplified semi-ellipse crack propagation
may cause underestimation of the crack length growth compared to
the situation where intersection angles between crack front and sur-
face at edges θ are small.

• At load ratio R = −1, the mean and characteristic hot spot stress
ranges at 2 million cycles loading are 195 MPa and 131 MPa, re-
spectively. For R = 0, the values are 142 MPa and 75 MPa. Higher
load ratio loading results in lower fatigue resistance for the weld
toe crack in rib-to-deck joints. It indicates that the compressive
stress in the case of R = −1 is beneficial for fatigue resistance.

• Using the corrected model in Monte Carlo simulation, the predict
mean and characteristic fatigue resistance at 2 million cycles are
192 MPa and 131 MPa with the failure criterion “75%” deck thick-
ness and R = −1. For R = 0, the values are 135 MPa and 95 MPa,
respectively. Good agreement is found between the hand calcula-
tion prediction and experimental results. For the failure criterion
of “50%” deck thickness and “2A FAD”, the predicted fatigue resis-
tance is slightly lower than the case with failure criterion “75%”.

• Lower fatigue resistance is found assuming the more shallow ini-
tial crack. For instance, themean fatigue resistance at 2million cy-
cles reduces from 195 MPa and 154 MPa when a0/c0 decreases
from 0.1 to 0.001 with the failure criterion “75%” and the load
ratio R = −1.

• Fatigue resistance reduces nonlinearly with the increase of a0.
When the crack is shallow (e.g. a0/c0=0.001), the sharp drop is
found if the initial crack depth a0 grows from 0.1 mm to 2.0 mm.
For a0 is between the range 2.0 mm and 5.0 mm, a smaller de-
crease is obtained. The change is less emphasized if the crack is
not so shallow (e.g. a0/c0 = 0.1).

• Weld shape profiles affect the fatigue resistance of the joint. The
concave weld profile with smaller intersection angle between
the weld and the base material leads to higher fatigue resistance.
For example, Type 2 weld profile gives 16% higher fatigue resis-
tance than Type 1 profile at the load ratio R = −1. For Type 3,
2% drop in the fatigue resistance is found compared with Type 1.
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Appendix A. Calculation procedure of KI using empirical equations
proposed by Newman [32]

K I ¼ Mm σm þ pcrð Þ þMbσb½ �
ffiffiffiffiffiffi
πa
Q

r
ðA:1Þ

where

Q ¼ 1:0þ 1:464
a
c

a
c
b ¼ 1

� �
ðA:2Þ

Membrane correction factor:

Mm ¼ M1 þM2
a
t

� �2
þM3

a
t

� �4	 

gf ϕ f w ðA:3Þ

where

M1 ¼ 1:13−0:09
a
c

ðA:4Þ

M2 ¼ 0:89
0:2þ a=c

−0:54 ðA:5Þ

M3 ¼ 0:5−
1

0:65þ a=c
þ 14 1−

a
c

h i24
ðA:6Þ

with

g ¼ 1þ 0:1þ 0:35
a
c

� �2	 

1− sin ϕð Þ½ �2 ðA:7Þ

the angle function for embedded elliptical-crack fϕ

f ϕ ¼ a
c
cos ϕð Þ2 sin ϕð Þ2

h i0:25
ðA:8Þ

the finite-width correction function

f w ¼ sec
πc
2b

ffiffiffi
a
t

r !" #0:5
ðA:9Þ

Bending correction factor:

Mb ¼ MmH ðA:10Þ

where the function H is developed by curve fitting

H ¼ H1 þ H2−H1ð Þ sin ϕð Þq ðA:11Þ

with

H1 ¼ 1−0:34
a
t
−0:11

a
c

� �
ðÞa
t
Þ ðA:12Þ

H2 ¼ 1þ G1
a
t
þ G2

a
t

� �2
ðA:13Þ

q ¼ 0:2þ a
c
þ 0:6

a
t

ðA:14Þ

in which

G1 ¼ −1:22−0:12
a
c

ðA:15Þ
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G2 ¼ 0:55−1:05
a
c

� �0:75
þ 0:47

a
c

� �1:5
ðA:16Þ

Appendix B. 2A FAD assessment in BS7910 [31,39] without consider-
ing secondary stress

The failure occurs when:

Kr ¼ 1−0:14L2r
� �

0:3þ 0:7e−0:65L6r
� �

if Lr ≤ Lr;max ðB:1Þ

Kr ¼ 0 if Lr N Lr;max ðB:2Þ

where:

Kr ¼ K=Kmat ðB:3Þ

Lr;max ¼
min 1:2σy;0:5 σy þ σu

� �� �
σy

ðB:4Þ

For surface flaws in plates under bending:

σ ref ¼
2Pb

3 1−a0 0ð Þ2
ðB:5Þ

in which:

a0 0 ¼ a
t

1þ a
c

� �−1
	 


if wN2 cþ tð Þ ðB:6Þ

a0 0 ¼ 2a
t

c
w

if wb2 cþ tð Þ ðB:7Þ

Note: w is the half width of the plate.
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