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The welding residual stresses (WRSs) in an orthotropic steel deck were investigated via experimental mea-
surement and finite-element simulation. Both the surface and through-thickness WRSs were obtained. The
simulated residual stress fields were in reasonable agreement with the measured results. The weight function
method (WFM) was then adopted to investigate the effects of WRSs on stress intensity factors (SIFs) of semi-
elliptical surface crack. The surface crack was subjected to a combination of far-field load and through-
thickness WRSs, and different crack aspect ratios and relative depths were analyzed. The results reveal that
the transverse residual stresses have prominent effects on SIFs: for the surface point, which is always located in
the tensile stress region, its SIFs increase substantially with crack growing (a/t increasing); for the deepest point,
WRSs lead to some SIFs increase with lower growth rate and some SIFs decrease continuously. This is due to that,
as a/t increasing, the WRS level at crack tip location gradually decreases from the high tensile stress region, even

into the compressive stress region.

1. Introduction

Orthotropic steel decks (OSD), stiffened by a series of longitudinal
ribs and transverse cross beams, have a good overall performance due to
rapid erection, easy assembly, and good load-carrying capacity in pro-
portion to their weight. With these advantages, OSD has been widely
used in many engineering structures, such as long-span bridges. How-
ever, one prominent disadvantage is that the rib-to-deck welded joint
usually experiences fatigue cracking problems, due to the stress con-
centration of the structural detail stress, welding defect and welding
residual stress (WRS) around the joint. This problem has seriously
affected the structural safety and the application of OSD.

Welding has emerged as a widely used method for joining OSD
structures. Meanwhile, WRS due to welding process is inevitably
induced in the weld joints [1,2]. Several researchers have conducted a
series of residual stress measurements for OSD to understand the WRS
distribution. Kitada et al. [3] measured the WRS of three U-rib stiffened
plates with different thickness and different steels via the sectioning
method. Zhao et al. [4] used the hole-drilling method to carry out WRS
measurement of hybrid steel U-rib stiffened plates with different size
parameters and materials. Puymbroeck et al. [5] determined the RS
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distribution for the deck plate and longitudinal stiffener of the OSD by
incremental hole-drilling method. These measurements only focused on
the surface welding residual stresses, however, previous works [6-8]
showed that through thickness of welding residual stresses have obvious
spatial distribution properties. Gadallah et al. [9] performed the mea-
surement of residual stress distributions at the weld root of rib-to-deck
joints using the contour method; the result also revealed that through-
thickness distribution of WRS has a large stress gradient. Residual
stress significantly affects fatigue crack growth rates, with compressive
residual stress slowing crack growth and tensile residual stress acceler-
ating it [10].

Methodology based on fracture mechanics was commonly used to
predict fatigue crack growth behavior of U rib-to-deck welded joint.
Xiao et al. [11] investigated the transverse stresses and determined the
design fatigue strength based on the crack propagation analysis. The
analyses show that the surface stresses in the deck plate are much larger
than those in the rib wall in the case of 75% weld penetration into the rib
wall, and increasing the distribution area of wheel load or the thickness
of deck plate can reduce the stress range of the deck plate and increase
the fatigue life of the joint. Nguyen et al. [12] predicted the fatigue
strength using fracture mechanics analysis for an orthotropic steel deck
under light-weight vehicle loading. Three-level models were used to
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Nomenclature

a crack length for semi-elliptical surface crack

ay, ar length of the front and rear ellipsoidal quadrants

A deepest point of surface crack

Ag, A1, Ay, A3 parameters of least squares fitting for Y,

b half width of the double-ellipsoidal heat source model

B surface point of surface crack

By, B1, B3, B3 parameters of least squares fitting for Y,

c half width of a semi-elliptical crack

Ch half height for the double-ellipsoidal heat source model

Co, C1, C5 parameters of least squares fitting for Fy

d distance from the weld toe line

Dy, D1, D5 parameters of least squares fitting for Fy

) emissivity

E Young’s modulus

s fr heat input fraction for the front and rear ellipsoidal
quadrants

F boundary correction factor

Fo, F, boundary correction factors for the reference stress
intensity factors K%, and K&,

J J-integral

h, heat transfer coefficient

I current

K stress intensity factor

K4, K4 reference stress intensity factors of deepest point in a semi-
elliptic surface crack

K2, KE  reference stress intensity factors of surface point in a semi-

elliptic surface crack

M, Mo, M3s weight function parameters for deepest point of a
surface crack

M;ip, Mo, M3p weight function parameters for surface point of a
surface crack

Mo, Ma1, Mpo, Mp; parameters to account for the effect of
attachment with different weld angles

m(z, a), ma(z, a), mg(z, a) weight functions

qr (x, ¥, 2), qx, y, 2) heat flux for front and rear ellipsoidal heat
source model

qc thermal convection

qr thermal radiation

Q shape factor for an ellipse

Qn total energy input for double-ellipsoidal heat source model

t plate thickness

U voltage

Yo, V1 boundary correction factors for the reference stress
intensity factors K%, and K3,

So Stefan-Boltzmann constant

0o characteristic stress or nominal stress or external load

O longitudinal residual stress along the welding line

oy transverse residual stress perpendicular to the weld line

0yo01, Oyo2 effective stresses for different combinations of external
stress and welding residual stresses along the different

pathes

To ambient temperature

Ts surface temperature of the weldment

¢ weld angles (degree)

Oyield yield stress for the materials

o (2) local stress distribution normal to the prospective crack
plane

n heat energy transfer efficiency

v Poisson’s ratio

LEFM linear elastic fracture mechanics

OSD orthotropic steel decks

SIF stress intensity factor

WFM weight function method

WRS welding residual stress

accurately evaluate the stress-intensity factors at the rib-to-diaphragm
connection. The crack growth was simulated by numerical integration
of the Paris’ law with different sizes of initial cracks. Liu et al. [13]
applied the structural hot spot stress approach to evaluate the rib—deck
fatigue. The results show that the refined multi-sub-model considering
the weld detail can reflect the mechanical behavior of the rib—deck joint.
Yang et al. [14] investigated the fatigue strength of vertical stiffener
welded joint in orthotropic steel decks, comparing the fatigue test results
and the corresponding regression S-N curves. The results show that fa-
tigue strength of partial penetration welded joint is slightly higher than
full penetration welded joint before toe crack initiation. Both experi-
mental measurement and numerical simulation play a significant role to
understand and predict fatigue strength in orthotropic steel deck and
have achieved many meaningful results. However, the welding residual
stresses at the root have not yet been thoroughly quantified and their
effects on stress intensity factors has not been considered in previous
studies.

In the present study, an orthotropic steel deck with fully penetrated
welded joint was manufactured and the welding process was simulated
in the ABAQUS software [15]. The simulated welding residual stresses
were compared with measured results by using the hole drilling method.
Based on the obtained through-thickness distribution of transverse re-
sidual stress distribution at different paths, the weight function method
(WFM) is used to investigate their effects on the stress intensity factors
(SIFs) of semi-elliptical surface cracks with different crack sizes (aspect
ratio and relative depth).

2. Measurement of welding residual stress
2.1. Specimen dimension and welding conditions

Geometry configurations, such as rib thickness, width, height,
spacing, and deck thickness must be considered in OSD design. The test
specimen composed of a single U-rib and flat plate was designed to have
specific dimensions. As shown in the Fig. 1, the top deck with the
dimension of 900 x 1000 x 14 mm?; U rib thickness is 8 mm, rib height
is 280 mm, rib spacing is 300 mm, and rib lower mouth width is 205
mm. The steel grade investigated in this experiment was Q345D with a
nominal yield strength oyeq = 345 MPa. Its nominal chemical

300 | 300 | 300 |

14
—

280

205

Fig. 1. Detail cross section of orthotropic steel deck (unit: mm).
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composition and mechanical properties are listed in Table 1 [16]. The
temperature-dependent material parameters of the thermo-physical
properties (specific heat, thermal conductivity and density), mechani-
cal properties (yield strength, Young’s modulus, Poisson’s ratio) and
strain hardening property are summarized in Fig. 2; these were taken
from literature data [17,18] and the SYSWELD material database [19]

The test specimen was made by a prominent steel bridge fabricator
with the typical weld process. Before the welding, the test specimen was
placed on the customized welding fixture, and both sides of the deck
plate were fixed by the clamping device. And a natural groove (fit-up
gap) of 12° was formed between the U rib and deck plate. And then, the
tack welding was conducted to keep the pre-set gaps of the rib to deck
along the entire length of the OSD. There was no preheating on the
specimen. Full penetration is an obvious variable that may improve fa-
tigue resistance. Because partial penetration welds inherently leave an
unfused section of the rib at the root, which introduce a notch-like defect
that could lead weld root failures. During the welding, a ceramic gasket
was firstly installed at the inner joint of the U rib, and a submerged arc
welding with double-supply multi-wire was used on the outside to form
full penetration. This weld process is easy to achieve double-sided
forming with single-sided welding. The weld pass-1 and pass-2 (see
Fig. 3) were completed in turn. After the welding, the specimen cooled
naturally to room temperature. The welding parameters of two weld
passes are listed in Table 2.

2.2. Residual stress measurement

WRS measurement was performed on bottom surface of deck plate
using hole-drilling method. The measurement path was perpendicular to
the weld line, and the space between measurement points was 10 mm.
The residual stress measurement was carried out on the middle section
of the specimen as shown in Fig. 4. The measured surface stress was in a
biaxial stress state, quantified by the longitudinal residual stress (oy)
parallel to the weld direction and the transverse residual stress (cy)
perpendicular to the weld direction. Residual stresses were calculated
according ASTM E837-13a [20] taking into account the measured
strains and strain release coefficients. The strain release coefficients
calibrated under different stress levels (0.30yie1d, 0.56yield, 0.70yie1d and
0.90yie1a) [21] were adopted to eliminate the test error from the plastic
deformation around the drilled hole, based on standard GB/T 31310-
2014 [22].

3. Simulation of welding residual stress
3.1. Analysis of temperature field and stress field

The 3D finite-element model shown in Fig. 5 was developed in the
ABAQUS. The model was the same size as the test specimen and its weld
size was approximately equal to that of the weld cross-section of the
specimen, as shown in Figs. 5 and 2. The number of weld passes and the
welding sequence were simulated accordingly. The model had 83,400
elements and 91,341 nodes. To capture the stress gradient nearby the
weld, the highly refined meshes were implemented around the weld
region. Note to take advantage of the symmetric configuration of OSD,
only half of the geometry was modeled.

First, the welding temperature field was computed by using the
eight-node element DC3D8. The element “remove” and “add”

Table 1
Mechanical properties and chemical composition of Q345qD steel [16]

Mechanical properties Yield strength Tensile strength Elongation (%)

(MPa) (MPa)
345 490 20
Chemical composition (%) C Si Mn P S

0.14 031 1.46  0.016 0.006
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technology was used to simulate the sequential deposition of weld filler.
During the welding process, the volumetric heat source will move to the
corresponding welded seam and elements will be added into weld groves
step by step. As depicted in Fig. 6, the heat from the moving welding arc
was simulated via a volumetric heat source with a double-ellipsoidal
Goldak model [23]. And the DFLUX subroutine was adopted to load
the heat source model along the different paths with moving speeds of
7.5 and 9.0 mm/s, respectively. The weld metal and base metal were
assumed to have the same temperature-dependent physical and me-
chanical properties of Q345qD steel (see Fig. 2). The latent heat of fusion
was set to 300 kJ /kg in the analysis between a liquid temperature of
1535 °C and a solid temperature of 1500 °C. The phase transformation in
metal was neglected. For the thermal boundary conditions, heat loss due
to convection (g.) and radiation (g,) were taken into account via New-
ton’s law of cooling (Eq. (1)) and Stefan-Boltzman law (Eq. (2)),
respectively [24].

qe = —h(Ts — Ty) (€]
4r = —eoso[(T +273.15)* — (T, + 273.15)"] 2

where h, is the heat transfer coefficient, is set to be 15 W/(m2-°C); T, is
the surface temperature of the weldment; and T, is the ambient tem-
perature, is set to be 20 °C. ¢y is the emissivity, and is assumed to be
0.85; and sy is the Stefan-Boltzmann constant.

The heat source is expressed in Egs. (3) and (4):

6V3f,0: 2 v 2
) = I ol —35 3L 3% 3
qr(x,y,2) warbe \/]_[exp P exp 57 )exp 2 3
_ 6\/§erh ¥ yZ Z2
q,(x,¥,2) *mexp —3Z exp —3ﬁ exp —33 C)]

where q is the heat flux, Q, = 5UI is the total energy input (for sub-
merged arc welding, the heat energy transfer efficiency is 7 = 0.9), a;, ay,
b, and cp, are relative dimensions of Goldak’s heat source, x, y, and z
denote the local coordinate system of the double ellipsoid model cor-
responding to the welded structure, and f; and f, are the heat input
fraction in the front and rear ellipsoidal quadrants, respectively (ff=1.2,
f.=0.8) [23].

For the temperature field simulation, accurate simulation of molten
pool shape is a necessary base. Weld molten pool was defined as the
portion whose temperature exceeds the melting temperature of 1500 °C
for Q345qgD. Through trial calculations for the double-ellipsoidal shape
factors (ay, ar, b, and cp), the weld-pool profile for each weld pass ob-
tained in finite element simulation (see Fig. 7) was coincided with that
observed on the weld cross-section of the experimental specimen. The
shape parameters for the double-ellipsoidal heat source are summarized
in Table 3.

After completing the simulation of temperature field, the tempera-
ture history of each node obtained from the heat transfer analysis, was
imported as the initial state for the mechanical analysis. In this step, the
temperature-dependent mechanical and strain hardening properties of
Q345qD steel (see Fig. 2(b) and (c)) were used. A C3D8R hexahedral
element was applied in the mechanical analysis. Except for different
element types, the finite element model for both the thermal and stress
analyses were the same. The boundary conditions for the finite element
model were displacement constraints imposed at both ends of the deck,
which was similar with that imposed on the specimen fabricated.

3.2. Residual stress results

3.2.1. Surface residual stress

Fig. 8 shows the simulated surface WRSs distribution compared with
those measured along the measured path of specimen bottom surface. In
the figures, d is the distance from the weld toe line. The uncertainties of
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Fig. 2. Temperature-dependent material properties (a) thermo-physical, (b) mechanical and (c) strain hardening.

Fig. 3. Welding passes and condition (unit: mm).

Table 2
Welding parameters.

° 4 \. WA

Fig. 4. Schematic diagram showing measurement path.

the longitudinal and transverse stresses measured via hole-drilling
method are determined to be +£39.8 and +24.2 MPa, respectively. It
can be seen that simulated curves agree reasonably with the measured

data. The differences between the measured and simulated results may
be attributed to errors introduced by the measurement process and by
omitting from the numerical simulation the volumetric change caused

Weld Current Voltage Speed/ Welding wire + flux

pass /A /v mm-min~!

1 410-440 30-33 430-460 ER50-6(¢1.6) + TGF-
$J988U

2 510-560 31-34 520-560 HO8MnA(¢3.2) +

TGF-SJ988U

by the solid-state phase transformation around the weld zone. Similar
observations and related explanations were discussed by Francis et al.
[25] and Rikken et al. [26].

As shown in Fig. 8(a), the simulated longitudinal peak stresses on the
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Element: 83400
Node: 91341

X

{:v

Welding direction

Fig. 5. Mesh details of the finite element model.

Welding direction

—

Fig. 6. Double-ellipsoidal heat-source model.

deck bottom surface are roughly 450 MPa, exceeding the initial yield
strength of the material (345 MPa) and locating in the weld toe. As the
distance from the weld toe increases, the longitudinal tensile stresses
gradually decrease until they change into compressive stress. The dis-
tribution range of tensile stress is about 50 mm. The simulated

Theoretical and Applied Fracture Mechanics 110 (2020) 102827

transverse residual stresses in Fig. 8(b) are less than those in Fig. 8(a),
whose peak stress at the bottom surface is about 100 MPa. Simulated
transverse residual stresses generally are the tension stress with relative
lower values.

3.2.2. Internal residual stress

Fig. 9 shows simulated stress contours of 6, and c,. Two sections are
identified, section 1 (see Fig. 9) is the position of peak longitudinal stress
which is the middle section, and peak transverse stress locates at surface
of section 2 which is to the end about 70 mm. It can be seen from the
Fig. 9 that both the 6, and oy (S11 and S22 on Fig. 9) have high-value
stress areas around the weld; through-thickness stresses vary along
weld toe of different sections. A comparison of ¢, and o, shows that o,
has a lower stress gradient and stress level. The fixed constraint on the
ends lead to 6, has a maximum stress on both ends of OSD. Transverse
residual stress, 6y, also has another peak located on the surface of section
2, which may be induced from the welding extinguishing arc. Fig. 10
shows the longitudinal and transverse stresses along the pathl and path
2 located in the weld toe of two different sections. These through-
thickness residual stresses expressed in terms of depth normalized by
plate thickness (z/t) and the residual stress normalized in the longitu-
dinal or transverse direction (6x/0yiiq O Gy/Gyieiq)- Simulated longitu-
dinal stress in Fig. 10 presents tensile stress with significant stress
gradients. The peak stresses of 6 and o, appear primarily at bottom deck
surface affected by weld seam. As the position approaches the top sur-
face of deck, the residual stresses gradually decrease, and o, along the
path 2 decreases to the compressive stress at the top surface. The lon-
gitudinal tensile peak stresses always exceed the material’s yield stress
Gyield, While the transverse stress is lower than the longitudinal stress in
the range of 0-0.50yi4.

4. Determination of stress intensity factors for surface cracks

It is already well-known that the weld detail of rib-to-deck joint is
prone to reduced fatigue resistance. As shown in Fig. 11, fatigue
cracking usually occurred at weld toe and then propagate through the
deck plate. Thus, WRS at weld toe is necessary to take into account for

Table 3

Shape parameters of double-ellipsoidal heat source.
Weld pass ag/mm a,/mm b/mm cp/mm
1 8.1 24.3 10.8 13.0
2 5.0 15.0 11.0 9.5

Fig. 7. Simulated weld-pool profiles and temperature contours for each weld pass.
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Fig. 9. Longitudinal and transverse residual stress contours.
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Fig. 10. Through-thickness residual stress variations at different paths along
the weld toe.

the modification of the local fatigue stress. Based on the Paris’ law, fa-
tigue crack propagation rates are closely related to the SIFs. It has been
shown that the WRS influences both the crack driving force and crack-
tip constraint, which are key issues in application of fracture me-
chanics calculate the accurate SIFs values.

Fig. 11. A surface crack within the orthotropic steel deck (half of OSD shown).

Weight function method (WFM) and FEM are commonly used to
calculate the SIFs of structure weld details. FEM, such as J-integral, and
the peak stress method [27,28], can be used to quickly obtain the SIFs of
complex geometries. Compared to FEM, WFM is more convenient to
calculate the SIFs in the present OSD model.

4.1. Weight function method

The WFM is a very effective technique to determinate the SIF that are
fundamental for fatigue crack growth analysis [29,30]. The weight
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function is only related to crack geometry and has a remarkable
computational efficiency. Thus, SIF can be easily obtained by integrating
the product of any stress field and the appropriate weight function,
which is particularly suited for the analysis of cracks in complex stress
gradients. For semi-elliptical surface cracks, it was used to calculate SIF
in plates [31,32] and in T-plate welded joints [33]. In a recent work,
WFM was used for the study of the effect of residual stress on stress
intensity factors for surface cracks in butt-welded steel plates [6].

For a surface cracks in OSD (Fig. 11), the geometrical configuration is
very similar to surface cracks in T-plate welded joints. T-plate welded
joint is one of the most common structural joints used in practical en-
gineering. Wang and Lambert [33] derived the weight functions at the
deepest and surface points of a semi-elliptical surface cracks in T-plate
joint with a weld angle ¢ between 0 and 45°. As shown schematically in
Fig. 12, a is the crack length, c is the half width of the crack, and ¢ is the
plate thickness.

Mode-I stress intensity factors, K, can be calculated by integrating
the weight function, m(z, a), and the stress distribution, 6(z), on the
crack plane. The calculating expression is:

K:/ﬂa(z)m(z,a)dz )

To calculate K, it was observed [31-33] that general weight func-
tions m(z, a) for the surface and deepest points of a semi-elliptical crack
could be approximated using the following expression:

The weight function for the deepest point is

ma(z, a) :ﬁ. {1 + My, (1 79% +M2A<l 72) +M3A<l ,§>%}
(6)
The weight function for the surface point is
mp(z,a) :\/iﬂ—z[l +M13<§)% +M23(§) +MSB(§)%:| Q)

Here M4, Moa, M3a, M1, Mog, and Msp are can be decided from two
reference solutions and a third condition, as shown in following:

n 24
My = /20 (4Yo-May — 6Y,-Myo) -3
My =3 8)
T
M3A = 2(@YO 7M1A 74)

Fig. 12. Geometry and coordinate system for surface crack.
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T
Mis = 5 (30F My — 18Fy Myo) — 8
T
Mas = 2 (60Fy My — 9OF: My1) + 15 )

Mg = —(1 + Mz + Myp)

Detailed expressions for Mag, Ma;, Yo, Y1, Mpg, Mp;, Fp and F;
derived for surface cracks in T-plate joints by Wang and Lambert [33]
are presented in Appendix A.

The results from the WFM were normalized based on Egs. (10) and
(11):

Fo_ K (10)

(7()'\/7[(1/Q

where F is the boundary correction factor, oy is the nominal stress, and Q
is the shape factor for an ellipse and is given by

a 1.65
0= 1.0+1‘464<7) , for 0<a/c<10 11
C

Next, we will use the weight function developed in [33] for T-plate
joints to determine the stress intensity factors for surface cracks in OSD.
Note the OSD weld angle is approximately 45°. Here, WFM was used to
determine the mode-I SIFs for the assumed semi-elliptical surface cracks
(see Fig. 11) with aspect ratio, a/c = 0.05, 0.1, 0.2, 0.4, 0.6, 1.0 and
relative depth, a/t = 0.1, 0.2, 0.4, 0.6 with 45° weld angle. Recom-
mended by the current design standard TB10091-2017 [34] the external
load 6 was set to 71.9 MPa, which is the maximum allowable stress for
rib-to-deck joint. When the external load oy was applied to the far-field
of rib-to-deck joint in y-direction, as shown in Fig. 11, the through-
thickness distribution of transverse stress at the weld toe, for un-
cracked geometry, o(z) is obtained and presented in Eq. (12). The
simulated through-thickness transverse residual stress of path 1 and
path 2 shown in Fig. 10, were used to calculate SIFs via WFM. Based on
the superposition principle of LEFM, the effective stresses for different
combinations of external stress and transverse residual stress are 601 =
6y0 + Opath1 and Gy02 = 69 + Opgmz. Their specific distributions can be
expressed in following Egs. (13) and (14).

G0 = 6o {0.71 19+ 1.2114(?) ~2.9593 (;)2 +3.5381 (;)3 - 1.4766(%)4}
12)

01 = 0o {1.8616 £ 47127 G) ~30.922 (;)2 +83.291 G); ~ 122,96 (;)4

193313 (;)i - 28.009(%)6}

13

602 = 0o {3.5343 +1.9523 G) - 61.336(%)2 + 227.11(%)3 —436.79 @4

+ 399.12(?)5 - 135.74(?)6}

14

4.2. Finite element validation

First, we study the accuracy of the weight functions for T-plate from
[33] for surface cracks in OSD. A 3D finite element model (as shown in
Fig. 13) was built in ABAQUS to validate the SIFs from WFM. This model
only has a specific geometric shape that crack aspect a/c = 0.6, depth
ratio a/t = 0.6 and approximately 45° weld angle. Only half of the crack
model was developed in ABAQUS, which having refined mesh around
the crack front. To properly simulate the stress singularities in the
analysis of surface cracks, in total 4886 elements were included in the
mesh and the elements were the quadratic brick element with reduced
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Fig. 13. Geometry and coordinate system for surface crack.

integration (C3D20R). The symmetry constraints of y = 0 and x = 0 were
applied to the symmetry planes, respectively. One node of the model was
also restrained the displacement of z = 0. The combination of transverse
residual stresses and far-field constant stress were applied respectively
to the crack surface and OSD end through the DLOAD subroutine. In
ABAQUS, the SIFs were extracted using the J-integral technique calcu-
lated over a domain of the first five rings of elements surrounding the
crack tip. A linear elastic material model was used in analysis with
Young’s modulus (E) of 207 GPa and Poisson’s ratio () of 0.3. The SIFs
can be obtained through the following relationship between K and J
under plane strain and plane stress:

JE plane strain (deepest point)
K — (1-17) (15)

VJE plane stress (surface point)

Table 4 summarizes the boundary correction factors F for semi-
elliptical surface cracks (a/c = 0.6, a/t = 0.6 with 45° weld angle)
that were calculated via WFM and FEM under three different stress
distributions. For surface and deepest points, all F values of WFM agree
reasonably well with those of FEM. The maximum relatively differences
are within 14%. This can be concluded that the WFM of T-joint in [33]
can be used to calculate the SIFs of U rib-to-deck joint and with
acceptable accuracy.

4.3. Results for stress intensity factors

In the subsequent, WFM is used to calculate the SIFs of different
geometry sizes (a/c = 0.05, 0.1, 0.2, 0.4, 0.6, 1 and a/t = 0.1, 0.2, 0.4,
0.6 with 45° weld angle) accounting for welding residual stresses.

Table 4
Boundary correction factors F for semi-elliptical surface cracks (a/c = 0.6, a/t =
0.6 with 45° weld angle) under three different stress distributions.

Position Stress distribution WFM FEM Difference WFM — FEM‘
FEM

Surface Gyo 0.9918 1.0859 9%

Gy01 2.4358 2.2067 10%

Oy02 3.6451 3.2006 14%
Deepest Oyo 1.0524 1.0069 5%

oy01 2.1695 1.9763 10%

Oy02 1.8158 1.5931 14%
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Figs. 14-16 show the SIFs for different surface-crack aspect ratios (a/c)
and relative depths (a/t) obtained from the weight function method for
different stress combinations, as shown in Egs. (12)-(14).

Fig. 14 shows the SIF variation at 6y distribution induced by a far-
field constant tensile load. The results show the SIF (F) of the surface
point increasing with aspect ratio (a/c), with the opposite variation for
the deepest point. The values of F for both the surface and deepest points
increase nonlinearly with relative depth (a/t). The growth rate of F is
similar for the surface point with different a/c, while the growth rate of F
for deepest point noticeably increases as a/c decreasing.

Figs. 15 and 16 show the SIFs of the surface crack subjected to the
combination of oy and transverse residual stresses, at pathl and path2,
respectively. A comparison of the results at the surface points in Figs. 14
(a)-16(a) show that the WRSs along the pathl and path2 can signifi-
cantly increase the SIF range. The SIFs of the surface point have similar
evolution trends in Figs. 14(a)-16(a), excepting for the different am-
plitudes. It can easily be seen that, appearing at a/c = 0.4, 0.6 and 1, the
SIFs of the surface point are almost coincident at a/t = 0.6.

At the deepest point, comparing to the SIFs results in Fig. 14(b), the
SIFs show the different variation trends in Figs. 15(b) and 16(b). As
shown in Fig. 15(b), for the a/c = 0.6 and 1, the SIFs increase firstly and
then begin to decrease. This is because for path 1, the transverse residual
stress is always tensile, with a small gradual stress reduction through the
thickness (see Fig. 10). It is obviously shown in Fig. 16(b), for the a/c =
0.2, 0.4, 0.6 and 1, the SIFs continued to decrease rapidly with the
relative depth (a/t) increasing. This can be contributed to the ten-
sion-compression distribution of transverse stress along the path 2
which is different from that of path 1.

As mentioned above, the WRSs have significant effect on SIFs of
surface crack. Tensile transverse residual stress will cause the SIF to
increase. For the surface point, who is always located in the tensile stress
region, its SIF increases substantially with crack growing (a/t
increasing). For the deepest point, WRS leads to some SIFs increase with
lower growth rate and some SIFs decrease continuously. This is because
that, as a/t increasing, the stress level at the crack tip location gradually
decreases from the tensile stress region, even into compressive stress
region.

Clearly these observations indicate that welding residual stresses will
have a marked effect on the fatigue crack propagation behavior of sur-
face cracks in OSDs, and impact on their fatigue strength.

4.4. Discussion

It is important to note that WRSs are not always constant, and can
relax during certain in-service conditions. Under high amplitude fatigue
loading, for example, the initial residual stresses would relieve and
redistribute by the early load cycles, and then tend to be stabilized.
However, residual stress relaxation and redistribution is a complex
nonlinear phenomenon which depends on the interaction of several
factors such as the distribution state of residual stresses, the cyclic stress
amplitude applied, the loading mode and direction, the number of cycles
and the cyclic characteristics of the material, as discussed in [35-38]. In
the present work, we have focused on the application of the WFM to
investigate the effect of initial WRSs on the SIFs for semi-elliptical sur-
face cracks; the possible effects of residual stress relaxation on SIFs were
not considered. Based on the current SIFs results, further work can be
carried out to develop proper models for fatigue crack propagation of
surface cracks in OSDs that incorporate the effects of WRS relaxations
and redistributions. It is our intention to study these effects in our future
work.

5. Conclusions
In this paper, welding residual stresses were measured and simulated

for an orthotropic steel deck. The WFM was validated by FEM, and then
used to investigate the effects of WRSs on SIFs of semi-elliptical surface
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Fig. 16. SIF of surface crack subjected to both transverse residual stress along the path2 and external stress.

crack. Based on the results, the following conclusions can be drawn.

1. The simulated WRSs distributions are in reasonable agreement with
the measured results. The peak surface stresses on deck bottom
surface usually occur in fusion or heat affected zone. As the distance
from the weld line center increases, the residual stresses decrease

gradually until they change into compressive stress, with self-
equilibrating tension—compression distributions.

. The simulated through-thickness stresses oy and o, have their peak

stresses located at weld toe of the deck bottom surface. As the posi-
tion approaches the deck top surface, the residual stress gradually
decreases, and 6y along the path 2 decreases to the compressive stress
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Appendix A

In this appendix, the expressions used for the determination of weight functions ma(z, a) and mg (2, a) are summarized, they are from Ref. [33].
Expressions for reference stress intensity factors at the deepest point for a stress distribution constant through the thickness:

[ma_ ra a aa
KA = —Y, (7, 7) M < , = 7) Al
1 = 0o rot A()@Ct (A1

where
(2 -en (O ol o (Y
By = 1.0929 + 0.2581 (g) ~0.7703 (%)2 +0.4394 (§)3 (A.3)

By = 0.456 — 3.045 (g) 42007 (3)2 p 10 (A.4)

0.688
0147+ ()

B, = 0.995 — ﬁ +220(1- %)m (A5)
By=—1459 + ﬁ — 24211 (1.0 - g)sml (A.6)
and
i (.5.5) = O 0= - OO () + 20, (4) A7)
M, (?%) = 0.9037 + 0.2624 (%) ~0.1294 (?) +0.1173 (?)2 +0.4350 (;)2 —0.4415 (%) (?) ~0.3409 (%)3 ~0.2428 (93 +0.02994 (%) (;)2

+03122 (;) ’ (?) (A.8)
M, (gg) = 0.8727 + 0.5252 (g) ~0.2497 (Z) ~0.3144 (?)2 +0.7695 (92 ~0.81028 (?) (g) ~0.16645 (?)3 ~0.44419 (§)3 +0.2454 (?) @z

+0.5457 (?) ’ (g) (A.9)

Expressions for reference stress intensity factors at the deepest point for a stress distribution linearly decreasing through the thickness:

o0 (o4
() sl a9 o

t t

Ao = 0.4537 +0.1231 (g) - 0.7412(%)2 + 0.4600(%)3 (A.12)

10
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Expressions for reference stress intensity factors at the surface point for a stress distribution constant through the thickness:
o202
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Expressions for reference stress intensity factors at the surface point for a stress distribution linearly decreasing through the thickness:
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