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Abstract

Orthotropic steel decks are composed of comparatively thin steel plates (as thin as 6 mm) that deform in the in-plane and out-of-
plane directions at longitudinal-to-transverse rib connections in response to vehicle loads. Since such deformations can change as
the load positions move, local stress directions can also vary such that hot spots along the weld toes are moved and the
relationship between the load position and hot spot stress becomes complex. Furthermore, the deformations will differ depending
on the specific type of connection. The present work investigated the effects of rib shapes and slits (that is, cut-outs) on the fatigue
properties of such connections by calculating structural hot spot stresses at various connections by finite element analyses. The
hot spot locations along weld toes were determined to vary depending on the load position, the longitudinal rib shape, and the
presence of slits. It was also found that the load positions associated with maximum and minimum hot spot stresses at slit
connections tended to be eccentric relative to the center axes of the evaluated ribs.
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1 Introduction

Orthotropic steel decks are lightweight compared to concrete
decks and are used in many long-span bridges and urban ex-
pressways. These steel decks are also used in the rehabilitation
of bridges by replacing deteriorated concrete decks, and the
demand for these structures is increasing [1]. However, nu-
merous fatigue cracks have been detected in orthotropic steel
decks [2, 3], especially at connections between longitudinal
and transverse ribs. As an example, inspections of urban ex-
pressways in Japan have found close to 10,500 cracks, ap-
proximately 40% of which appeared at longitudinal-to-
transverse rib connections [4]. Although several different con-
nection types have been developed in previous studies [5-8],
all such designs continue to exhibit fatigue cracks.
Orthotropic steel decks are composed of comparatively
thin, flexible steel plates (as thin as 6 mm) and are directly
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subjected to vehicle loads. These plates are readily deformed
in the out-of-plane direction [9], such as via torsion and dis-
tortion of the ribs [10, 11]. The deformed longitudinal and
transverse ribs are constrained by one another at the connec-
tions, and this induces three-dimensional in-plane and out-of-
plane deformations of the ribs. Since such deformations can
change as the load positions move, the local stress directions
can also change such that the stress concentration points (that
is, the hot spots) migrate along the weld toes [12]. As an
example, one possible hot spot is located at the side of the
box weld at the joint between a U-rib and a slit transverse rib
and appears in the case that a longitudinal in-plane tension acts
on the U-rib. However, the hot spot transfers to the base of the
box weld when the out-of-plane bending about the longitudi-
nal axis acts on the U-rib wall (Fig. 1). Because the deforma-
tions of longitudinal-to-transverse rib connections can change
as the load position moves, hot spots are not fixed points.
The deformation changes produced by moving load posi-
tions can generate complex relationships between load posi-
tions and hot spot stresses (hereinafter referred to as an influ-
ence surface) at the longitudinal-to-transverse rib connections.
It has also been determined that the load positions that maxi-
mize the hot spot stresses can be situated some distance from
the center axes of the ribs [13, 14]. In addition, the actual
vehicle positions can migrate in the longitudinal and trans-
verse directions [15]. Therefore, it is vital to consider the load
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Fig. 1 Movement of the hot spot at the U-rib-to-transverse rib connec-
tion. a Connection between U rib and transvere rib. b Hot spot under in-
plane tension. ¢ Hot spot under out-of-plane bending

positions when assessing fatigue at longitudinal-to-transverse
rib connections [16]. However, conventional fatigue designs
and investigations regarding orthotropic steel decks have not
yet sufficiently assessed the movement of hot spot locations or
the complex influence surfaces that may appear.

For these reasons, the authors conducted fatigue assessments
of various types of longitudinal-to-transverse rib connections
while taking into account the stress generation mechanisms
described above [17]. Figure 2 shows the relationships between
the load ranges and the fatigue test results for longitudinal-to-

I Equivalent to IQ7 cycles Slit_Non-slit
so0l of fatigue des1_gn load™ (Utib o ° 1
(100 kN double tire load) V rib v ]
= Plate rib O
< i
[
80
§ i
)
<
3 o
100F 0 oF .
[ = ]
i L T S N T B A | Ou T N N B A | i
10° 100 107
N,

*Cracks observed from the weld roots of ribs to deck plate joints
following testing using a single tire load (load ranges have been
converted to double tire loads)

Fig. 2 The relationships between the load ranges and fatigue test results
for various orthotropic steel deck designs
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transverse rib connections, based on previous data [12, 17].
Such prior investigations demonstrated that non-slit connec-
tions (defined as those that do not have slits (cut-outs) on trans-
verse rib webs during fabrication) exhibit high fatigue strengths
compared to slit connections. However, previous studies did
not analyze the effects of structural details on hot spot locations
or on influence surfaces. Therefore, the work reported herein
attempted to clarify the effects of both the rib shape and the
presence of slits on hot spot locations and influence surfaces at
longitudinal-to-transverse rib connections.

2 Computations of hot spot stresses
associated with three-dimensionally
deformed connections

2.1 Models of longitudinal-to-transverse rib
connections

Six types of longitudinal-to-transverse rib connections
(Table 1) were evaluated to clarify the effect of connection
details on fatigue properties. U, V and plate longitudinal ribs
and a transverse rib were assessed, together with slit and non-
slit webs (Fig. 3). The U rib had a cross-section that is com-
monly employed in Japan, while the cross-section of the V rib
had a V shape with the same radius as in the bending plate
process and approximately the same cross-sectional area as
the U rib. The cross-section of the plate rib was given approx-
imately the same sectional modulus as a commonly used bulb
rib with a height of 230 mm height and a thickness of 11 mm,
taking the effective width of the deck plates into account for
the cross-sections. The slit details for connections US and PS
were determined based on standard recommendations [18],
while the slit radius of connection PS was enlarged to
45 mm, since recent research has shown that this can improve
fatigue strength [4]. The slit dimensions for connection VS
were set such that the radius was the same as that for connec-
tion US. The arrows in Fig. 3 show the weld toes that were
evaluated when assessing the fatigue at the connections. The
presence of a greater number of arrows along the weld toe
lines indicates that a hot spot is located somewhere along the
weld toe line. In the following text, the weld toes are referred
to using the connection name combined with the weld toe
number. As an example, US-2 indicates weld toe 2 of connec-
tion US.

The hot spot stresses of the connections were computed
using models with three or more longitudinal ribs and three
or four transverse ribs (Fig. 4). The deformation of these struc-
tural members was considered when evaluating the stress con-
ditions at the longitudinal-to-transverse rib connections [8]. It
should be noted that it is difficult to obtain the appropriate stress
conditions at longitudinal-to-transverse rib connections when
using smaller models, such as those with only one transverse
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Table 1 The connections
evaluated in this study Connection Longitudinal rib Slit Deck plate thickness (mm)
Type Thickness (mm) Span (mm)

usS U 6 2500 Slit 16

UN U 6 2500 Non-slit 16

VS A% 6 2500 Slit 16

VN A% 6 2500 Non-slit 16

PS Plate 16 1667 Slit 12

PN Plate 16 1667 Non-slit 12

rib. The connections that were evaluated in these models rep-
resented the intersections between the center longitudinal rib
and the center transverse rib. Longitudinal ribs adjacent to main
girders were not evaluated since their deformations could be
significantly affected by boundary conditions at the deck plate
ends supported by main girders.

The longitudinal rib span lengths in the models were set
based on the typical lengths of actual structures in Japan. Inner
diaphragms for protection against corrosion were considered
to be installed in the models for connections US, UN, VS, and
VN to simulate actual structural conditions, since such dia-
phragms can increase stresses at longitudinal-to-transverse
rib connections [19]. The weld leg length was set at 6 mm,
except in the case of joints positioned between plate ribs and
the non-slit transverse rib, for which the value was 8 mm. This
increased length was necessary to maintain adequate weld
throats in conjunction with the enlarged 2-mm weld root gaps
and to ensure efficient assembly of connection PN. Although
surfacing has been found to affect stresses in orthotropic steel

Fig. 3 Evaluated longitudinal-to-

decks, surfacing was neglected in this study due to the uncer-
tainty of the resulting mechanical properties inputs during the
finite element analyses. Surfacing would be expected to de-
crease the stresses in orthotropic steel decks up to a certain
temperature [20], and so models without surfacing will provide
safer fatigue evaluations.

2.2 Loads and boundary conditions

Figure 5 shows the load model and the positions employed for
stress analyses. The load was simulated by applying a uni-
formly distributed pressure with a total force of 100 kN on
the load area to simulate a double tire, as shown in Fig. 5a.
These parameters were selected based on a fatigue design load
(T load) specified in the Specification for Highway Bridges
[18]. A T load is based on a single axle model that simplifies
the rear tandem axle of a truck. This study used the simplified
load model to elucidate the relationship between load posi-
tions and hot spot stresses at evaluated connections. The load

transverse rib connections and
weld toes. a Connection US. b
Connection UN. ¢ Connection
VS. d Connection VN. e
Connection PS. f Connection PN

Slit R45

Unit: mm 1' to 3' means reverse side of transverse-rib
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Fig. 4 The longitudinal-to-
transverse rib connections and
weld toes evaluated in this study.
a The model for connection US
(note that the models for connec-
tion UN, VS and VN had the
same dimensions except for the
rib and slit shape). b Cross-
section A. ¢ The model for con-
nections PS and PN. d Cross-
section B (connection PS). e
Cross-section C (connection PN)

N
Evaluated connection

1

J

9

16 300 700 16

(b)

position, meaning the center of the double tire load, was
moved in both the longitudinal and transverse directions as
shown in Fig. 5. The transverse spacing of the load positions
was set to 160 mm, which is half the longitudinal rib spacing.
The longitudinal spacing was set to 200 mm for the U and V
ribs and 100 mm for the plate rib. A load position with a
relatively finer mesh was applied to the plate rib since local
stresses at the connection with the plate rib were expected to
be more sensitive to the load position. The boundary condi-
tions were the vertical supports at both ends of the main girder
flanges to simulate deflection of the main girders. The ends of
the flanges were also supported horizontally to simplify the
girder condition.

2.3 Finite element analyses parameters

Elastic finite element analyses were conducted using the
Abaqus 6.13 software package. In these calculations, the finite
element models were composed of four-node shell elements
(Fig. 6a) and the elastic modulus and Poisson’s ratio of the
steel were 205 kN/mm? and 0.3, respectively. The sizes,

Fig. 5 Load conditions. a Loads
for connections US, UN VS and
VN. b Loads for connections PS
and PN

Load model

Evaluated connection

(a)
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shapes and applied thicknesses of the shell elements around
the hot spots were adjusted to allow computation of the stress
concentrations at the welded joints. The elements were pri-
marily rectangles with sizes equal to or smaller than 0.2 times
the plate thicknesses (Fig. 6b). In the case that hot spots were
situated at the plate edge, the element sizes were set to 2 mm.
In addition, the thicknesses at the welded joints were increased
to simulate increased stiffness, based on prior research [21].
The other parts of models were based on meshes with relative-
ly coarse sizes up to 100 mm. Because only the parts being
evaluated were modeled with fine meshes, the models for
connections PS and PN had different meshes even though
both models were geometrically identical.

2.4 Hot spot stress computation procedures

Hot spot stresses were computed as structural stresses based
on extrapolations that took thickness and bending effects into
account as detailed in a previous study [17], using the follow-
ing equation.

Evaluated connection

(b)

Load positions
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Fig. 6 Finite element model. a
Overall view. b Welded joints L
between longitudinal and
transvere ribs in the region
labeled X in (a)
L—
L —

Supported points

o' = (t/25)"% (G4m + 0.804)

Opm = (Uh,obv + Uh,rev) /2
Ohp = (O'hpbv_o'h,rev) /2

Here o), is the factored hot spot stress while o, and oy,
are the membrane and out-of-plane bending components of
the hot spot stress, respectively, and oy, .5, and o, ., are the
hot spot stresses for the obverse and reverse surfaces being
evaluated, respectively. The hot spot stresses based on surface
stresses were calculated from the following equation [22].

o [ 1.67004-0.6To1 0, (2a)
h = 30’4 mm_30'8 mm T 012 mm (2b)

Here, the o term on the right side of the equation is the
surface stress perpendicular to the weld toe lines and the sub-
scripts to this term indicate the distances from the weld toes to
the stress reference points. Equations 2a and 2b are applied
when determining hot spot stresses at plate surfaces and edges,
respectively.

The weld toe lines examined in this work were not points but
rather lines and hot spots moved along these lines as the load
position and hence the principal stress direction changed (Fig.
1). This migration of hot spots could be reproduced in the finite
element analysis. In such cases, the weld toe lines were com-
posed of several nodes and those nodes at which the maximum
and minimum weld toe stresses appeared varied as the load
position moved (Fig. 7). To take this movement into account,
maximum and minimum hot spot stresses were searched for
along the weld toe line after the hot spot stresses of all nodes
in the welded toe are calculated by Eq. 1. The stresses were
determined via numerical expressions by setting pos = 1 —n for
the load cases and node = 1 —m for the node numbers compris-
ing the evaluated weld toe lines. Subsequently, the hot spot

ﬂ T

(b)

stress at each node for each load case could be expressed as
in the following equation.

/ / /
T 1,150 h125 50 hlm,y
/ / /
/ _ Uh,2,1a0h72,27 "70-h,2,ma 3
O h.pos,node — : ( )

/ / /
O hn1s0 hn2s-0 hnm
In addition, the maximum and minimum hot spot stresses

along the weld toe line (0" posu and o'y p051) could be
expressed as in the following equation.

U/h.pos,u = max (U/h,pas,l ’ U/h,pos.,Za [X3) Ulh,pos,m) (43)
U,h,pos,b = min (O',h,pos,l , U,h,pos,27 - U/h,pos,m) (4b)
pos =1,2,...n (4c)

After iterating the procedure to determine o' 0, and
0'nposp for all load cases, the maximum and minimum hot
spot stresses (0", max and o', min) and the hot spot stress ranges
(Ag'y,) for the weld toes caused by the moving load were
calculated using the following equation.

(5a)

/ / / /
0 hmax = max(a s O h2us -0 h,n,u)

OJOJhll Oh14 o
h
o [N/mm?]
h13 0
Maximum(a’, ;) 20
Minimum(c’, ; ;) 40

Fig. 7 An example of stress distribution along the weld toe
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& pmin = min (0’416, 0 h2bs s O ) (5b)
AO'Ih = U/h,max_o'/h,min (SC)

In contrast, the hot spot stress ranges for each node were
determined via the equation below.

/ /! / /
O h,max,node = MaX (U h,1,nodes O h,2 nodes ++» O h,n,node) (63.)
/ 3 / !/ /
O h,min,node — MIN (U h,1,nodes O h2.nodey -+ O h,n,node) (6b)
/ / /
Ao hnode = O hmax,node” O h,min,node (60)

node=1,2,..,m

It should be noted that the hot spot stress ranges calculated
with Eq. 5S¢ could be greater than those obtained from Eq. 6c¢.
However, it is not yet known whether Eq. Sc or Eq. 6¢ is more
appropriate for fatigue evaluation, and so Eq. 5c is employed
so as to err on the side of caution in this study.

3 Hot spot locations

Figure 8 presents the 0 max, 0'5min @and mean stress values
(that is, the averages of 0'j, min and o', max) for the evaluated
weld toes. Because the hot spot stress range of weld toe US-2
was larger than that of US-1, US-2 was selected as a repre-
sentative weld toe for analysis in this section using model 1. In
the same manner, VS-2, UN-2, and VN-2 were selected for
analysis. In the PS and PN models, although weld toes PS-3
and PN-2 had the largest hot spot stress ranges, they were
located at plate edges and comprised only one node.
Therefore, weld toes PS-2 and PN-1 were analyzed instead.
Note that, in the following text, the phrase “hot spot” indicates
the node at which 0”454 and 0y, 05, appeared in each of the
weld toes.

150 ;

100

50

o', [N/mm?]

-50

| Mean stress

-100

!
o) h,max

-150

Fig. 8 The maximum and the minimum hot spot stresses (0" max and
0'5min) and mean stresses of evaluated weld toes
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Figure 9 shows the hot spot stress distributions along the
weld toes for the loads that produced o), max and o', i at the
evaluated weld toes (hereinafter termed load A and load B,
respectively). The hot spot locations along the weld toes were
moved as the load position moved and these locations were
different between load A to load B for each of the box weld
toe lines assessed, with the exception of US-2. The hot spots
for weld toe US-2 were situated at the bottom center of the box
weld in conjunction with both o', .x and o', i (Fig. 9a) and
the hot spot for this same weld toe also migrated to the side of
the box weld for load case C (Fig. 9). The hot spots for weld
toes VS-2, PS-2 and PN-1 were located at the corners of the
box welds for both load A and load B (Fig. 9b, ¢ and e).
Figure 10 provides the ratios of the hot spot stress ranges of
the nodes (Ao’ node) to the hot spot stress ranges of the weld
toes (Ac’y). Ad'), node Was calculated using Eq. 6 with the
evaluation points fixed at the side, the bottom and the corner
of each weld. The hot spot stress ranges calculated for fixed
evaluation points were evidently smaller than those calculated
using Eq. 5 (that is, Ao”",) for all cases shown in Fig. 10,
except for weld toe US-2. Therefore, a fatigue evaluation
based on hot spot stresses obtained from fixed evaluation
points can potentially be inaccurate in terms of finding the
maximum hot spot stress ranges.

The hot spot stress ranges at the base of each of weld toes
US-2 and VS-2 were 100% and 97% of Ac”}, respectively
(Fig. 10). In addition, the out-of-plane bending stress compo-
nents (0.8Ac¢";, ;) accounted for 88% and 72% of the hot spot
stress ranges for these same two weld toes. Therefore, out-of-
plane bending of the walls of the U rib and the V rib about the
longitudinal axis, as shown in Fig. 1c, could be the dominant
deformation. The hot spot stress range at the side of PS-2
was 91% of Ao, while the bending stress component
accounted for 96% of the range. Thus, out-of-plane bend-
ing of the plate rib about the vertical axis was the dom-
inant effect for this weld toe. The hot spot stress ranges
at the side and base of weld toe PN-1 were only 51% and
70% of the hot spot stress range, respectively. This result
shows that the hot spot locations were different between
the corner and the base of the box weld toe when 0'j, hax
and o' min appeared (Fig. 9e). These results confirm that
the hot spot locations varied depending on the structural
details. Although the slit connections showed the same
behavior in which out-of-plane bending was dominant
during stress, the hot spot locations were different and
were dependent on the longitudinal rib shapes. Such dif-
ferences are thought to result from variations in the di-
rection of the out-of-plane bending. The hot spot loca-
tions of the non-slit connections were also found to vary
depending on the longitudinal rib shapes. Therefore, it is
important to determine the situation of hot spots along
the weld toes when conducting fatigue assessments of
longitudinal-to-transverse rib connections.
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Fig. 9 Hot spot locations and
stress distributions along the weld
toes. a Weld toe US-2. b Weld toe
VS-2. ¢ Weld toe PS-2. d Weld
toe UN-2'. e Weld toe VN-2. e
Weld toe PN-1. f Weld toe PN-1

Hot spot in
BC

(d)

4 Relationships between load positions
and hot spot stresses

Figure 11 presents the influence surfaces using plots in which
the x and y axes equate to the load positions, using contour
means showing the largest absolute values of ' 0, and
0'npos,p for the weld toes. Each weld toe in Fig. 11 had the
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Fig. 10 Ratios of hot spot stress ranges of nodes (Ao’ node) to hot spot
stress ranges of weld toes (Ac”),)
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A: The maximum hot-spot stress case
B: The minimum hot-spot stress case

Color
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largest hot spot stress range (Ao”,) among the various weld
toes in each model. The load positions associated with 0, ax
and o' iy (hereinafter termed POS,,x and POS,,;,, respec-
tively) for each weld toe are also indicated in Fig. 11 by circle
and cross marks, respectively. It is evident that the POS, .«
and POS,,;, for the weld toes having slit connections as well
as for connection UN were not on the center axes of the lon-
gitudinal or transverse ribs but rather some distance away
from the centers of the evaluated connections in both the lon-
gitudinal and transverse directions (Fig. 11a—d). Eccentric
load positions such as these were also observed in a previous
study with U and plate ribs [13, 14, 16]. Furthermore, POS .«
and POS,,;, were situated in different lanes. As an example,
POS,..x and POS,;, for weld toe US-2 were located at (x,
y)=(—800, —320 mm) and (— 800, +320 mm), respectively.
The locations of POS,,,,«x and POS,,;, in lanes distant from the
center axes of the longitudinal ribs could have resulted from
out-of-plane bending stresses at weld toe US-2 (induced by
the rotational deformation of the U rib), stresses at weld toe
UN-2' (induced by the distortion of the U rib) and stresses at
weld toe PS-3' (induced by the shear deformation of the trans-
verse rib webs) [14].

In contrast, in the case of the influence surfaces for weld
toes VN-2' and PN-2, POS,,;, was located on the center
axes of the longitudinal ribs while POS,,., and POS,,;,

@ Springer
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Fig. 11 Relationships between
load positions and hot spot 1200
stresses (influence surfaces). a L
Influence surface of weld toe US- I3
2. b Influence surface of weld toe -
VS-2. ¢ Influence surface of weld 5
toe PS-3'. d Influence surface of el

weld toe UN-2'". e Influence E Of=—--
surface of weld toe VN-2'. f =
Influence surface of weld toe PN-
2

Loading
position 7]
causing

dh, max

| Loading
| position
| causing

O‘h, min

-1200

U U
(d)

were located in different lanes, as was observed for the
other connections. The observation that the POS,,,, and
POS,,;n were situated in different lanes indicates that hot
spot stress ranges associated with longitudinal-to-
transverse rib connections in bridges during use cannot be
simulated by fatigue tests based on cyclic design loads at
fixed positions or fixed lanes. The latter two types of tests
correspond to constant amplitude and running wheel fa-
tigue tests, respectively. As an example, a constant ampli-
tude fatigue test for weld toe US-2 with a load range, P, at
the POS,,,.x for this weld toe would generate only 56% of
the hot spot stress range caused by a moving load with
weight P according to the analysis results.

Figure 12 summarizes the relationships between the trans-
verse distances from rib centers to load centers and the ratios
of the out-of-plane bending components for the hot spot
stresses in conjunction with the maximum and minimum hot
spot stresses. These data are based on the same weld toes as in
Fig. 11. It should be noted that the evaluated weld toes were
longitudinal rib side weld toes of welded joints between lon-
gitudinal and transverse ribs, with the exception of PS-3’,
which was a transverse rib side weld toe of welded joints
between the transverse rib and the deck plate.

The bending component tended to increase as the trans-
verse distance from the rib center to the load center increased,

@ Springer
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and the ratios of the bending components were from 0.64 to
0.98 for the weld toes of the slit connections. A large contri-
bution of out-of-plane bending to the local stress at connection
US was also observed in a prior field study [13]. As confirmed
by Fig. 11, the load centers were transversely distant from the
rib centers in the case of the slit connections. However, the
ratios of the bending components were below 0.5 in the weld
toes of the non-slit connections, except for the 0”, ,ax 0f PN-2.
From these results, it is probable that the POS,,,., and POS .,

2 L 4
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Fig. 12 Relationships between transverse distances from rib centers to load
centers and ratios of out-of-plane bending components of hot spot stresses
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were transversely removed from the longitudinal rib center
because of the out-of-plane bending of the plates at the slit
ends caused by eccentric loadings, which represented the pri-
mary local stress at the slit connections. Even so, it should be
noted that these data were obtained from a limited number of
finite elements models with some parameters fixed. In partic-
ular, the stiffness of the deck plate can affect the extent of
deformation of both the longitudinal and transverse ribs.
Therefore, thicker deck plates or deck plates with stiff pave-
ments could give different results.

5 Conclusions

This study investigated the effects of rib shape and the presence
of slits on the fatigue properties of longitudinal-to-transverse
rib connections. Both slit and non-slit connections with U ribs,
V ribs and plate ribs were assessed while considering the move-
ment of hot spot locations along weld toes in response to mov-
ing loads. The exception was that migration of hot spots was
not considered when the weld toes being evaluated were at
plate edges. The following conclusions were obtained.

1. The hot spot locations along weld toes were different de-
pending on both the longitudinal rib shape and whether or
not slits were present. The hot spot locations also varied
between the case of the load causing the maximum hot spot
stress and the case of the load causing the minimum hot
spot stress for each of the evaluated weld toe lines except
for weld toe US-2. Therefore, a fatigue evaluation using
hot spot stresses with fixed evaluation points could poten-
tially provide inaccurate maximum hot spot stress ranges.

2. The load positions causing the maximum and minimum
hot spot stresses on the slit connections tended to be some
distance away from the center axes of the evaluated ribs.
The bending components of the hot spot stresses were also
found to increase as the distances increased transversely. In
contrast, the load positions producing the minimum hot
spot stresses at the non-slit connections were located on
the center axes of the longitudinal ribs being assessed.
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