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The paper takes a Yangtze River bridge as the object, establishes a finite element
model of the highway orthotropic steel deck structure, calculates and analyzes the
fatigue stress of specific structural details based on the hot spot stress method, and
obtains the fatigue vulnerable area of this type of bridge deck structure. Based on
the bridge’s actual use, the thesis calculates and evaluates the fatigue life of the
typical welding details of the bridge deck based on the American Highway Bridge
Design Code. The results show that the fatigue stress amplitude calculation of the
five types of fatigue vulnerable structure details under the Fatigue I and Fatigue II
limit states. The values are all less than the allowable value, and the fatigue life
meets the design requirements.
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Introduction

The road orthotropic steel bridge deck is composed of cover plates, longitudinal ribs,
and beams. Because the in-plane stiffness is different in the mutually perpendicular directions,
resulting in the force’s orthotropic behavior, it is called orthotropic steel deck (OSD). The or-
thotropic steel bridge deck has lightweight, high rigidity, high bearing capacity, and a wide
application range. It can participate in the joint force as a part of the main girder, so it has been
widely used in bridge engineering. Due to the complex structural stress, the difficulty of con-
trolling welding defects, and the direct bearing of vehicle dynamics, the OSD structure’s fatigue
cracking has become the main reason affecting the normal use of such bridges. Many scholars
at home and abroad have conducted a series of studies on this. Some scholars have carried out
experimental research on the fatigue characteristics of highway orthotropic steel bridge decks
with open longitudinal ribs. Some scholars have carried out a fatigue reliability analysis on
Paderno highway bridges to obtain the remaining fatigue life of the structure. Some scholars
have analyzed the fatigue cracks of OSD formation, and expansion have been studied. Some
scholars have researched OSD fatigue performance, fatigue checking and other related issues
[1]. This paper takes a Yangtze River bridge as an engineering example, establishes a finite
element model of the steel bridge deck, and conducts research and analysis on the fatigue stress
and fatigue life evaluation of highway orthotropic steel bridge deck.
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Highway orthotropic steel bridge deck structure

The main bridge of the Yangtze River Bridge studied in the thesis is a six-span con-
tinuous steel truss arch bridge. The main bridge structure is shown in fig. 1. In this picture, the
steel truss girder and steel truss arch of the main bridge structure of the Yangtze River Bridge
is composed of three rows of main trusses with the same spacing (2 x15 m). The joints of the
main truss are arranged with one large beam, each with two large beams. Three small beams
are arranged between. A certain Yangtze River Bridge is a typical highway OSD structure. Two
inverted 7-shaped longitudinal beams are arranged under the track of a single line, and the in-
tersection of the crossbeam web and the U-rib and the inverted 7-shaped longitudinal beam is
opened. The thickness of the cover is 16 mm. The webs of the inverted 7-shaped longitudinal
beams are 12 mm thick, 472 mm high, and the flanges are 12 mm thick and 240 mm wide [2].
The U-rib is 6 mm thick, 260 mm high, and 300 mm wide at the top. The large beam’s web is 18
mm thick and 2400 mm high and the web of the small beam is 18 mm thick and 1376 mm high.
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Figure 1. The structure of the main bridge of the Yangtze river bridge

Life assessment method of
an orthotropic steel bridge deck

Fatigue analysis theory

From the perspective of engineering application, the fatigue analysis and evaluation
methods of steel bridges mainly include three categories: structural classification, hot spot
stress method, and fracture mechanics method. The structural classification method uses nom-
inal stress amplitude for fatigue checking. The hot spot stress method is used for joint welding
toe the surface stress is evaluated to analyze the local stress of potential fatigue welds. The frac-
ture mechanics method is based on crack propagation and fracture to predict the remaining fa-
tigue life of the structure. This article uses the hot spot stress method [3]. The local stress at the
weld toe includes all the structural detail’s stress concentration but does not include the stress
concentration caused by the local weld shape. Affected by the notch effect, the stress gradient
near the weld toe is very high. We usually use extrapolation calculate the local structural stress:

o), =1.50,-0.50, )]

where oy, is the hot spot stress, o,, 0, — the stress at a distance of 0.5¢ and 1.5¢, respectively, from
the weld toe and perpendicular to the weld toe, and ¢ — the thickness of the steel plate. Since
the stress concentration factor considers the effect of the overall geometry, the hot spot stress
method requires only a small number or even one S-N curve. The AASHTO stipulates: the
hot spot stress method mainly adopts the C-type curve in the S-N curve of the nominal stress
method, and some special nodes adopt the A-type curve. Because the anti-fatigue design of
the orthotropic steel bridge deck is not involved in my country’s highway and highway bridge
specifications. The AASHTO code systematically regulates the anti-fatigue design of the or-
thotropic steel bridge deck. The fatigue research in this paper is based on the AASHTO code.



Zhao, F., et al.: Fatigue Evaluation of Hot Spot Stress in Fatigue Vulnerable ...
THERMAL SCIENCE: Year 2021, Vol. 25, No. 4B, pp. 3093-3101 3095

Fatigue limit state and design level
Fatigue limit state

The AASHTO code provides two fatigue design methods, namely infinite life design
and finite life design, to solve Fatigue I and Fatigue II limit state, respectively. Because the
bridge deck is mainly subjected to wheel load and needs to withstand millions or even tens of
millions of times of wheel pressure, it is usually necessary to consider the infinite life design,
and when the traffic volume is not large, the limited life design is more economical.

Design level of an orthotropic steel bridge deck

There are three main design standards for orthotropic steel bridge decks: firstly, only
a small amount of structural analysis is required for the structural details that have been proven
to have sufficient resistance through a large number of tests. The second is based on simplified
1-D or 2-D analysis and the panel details are accurately evaluated; only the nominal stress is
considered in the calculation, and the local stress concentration is not considered. The third is
to accurately quantify the stress of the typical structure of the steel bridge panel based on the
refined 3-D analysis [4]. In the absence of reference cases, this article adopts design standards.

Fatigue load of highway orthotropic steel bridge deck

To study the bridge’s OSD fatigue performance, scholars should usually first obtain
the fatigue load spectrum of the bridge deck, use the rain flow method or the drained pool meth-
od to analyze the stress history to obtain each stress amplitude and its corresponding value. The
fatigue performance of the steel bridge deck is then analyzed. At present, when the fatigue load
spectrum of the bridge is not fully studied, the design live load can also be used for approximate
analysis, and the calculation results are biased towards safety.

The ZK live load in our country's design code belongs to the lane load, which is used
to analyze the overall structure of the bridge and check whether the strength and stiffness of the
structure meet the requirements under the design load. The fatigue study focuses on the local
structure's details, and the vehicle load should be used as usual, but the ZK load cannot reflect
the actual operating conditions of the bridge vehicles in this paper [5]. Therefore, based on the
analysis of the actual operating vehicle parameters of the Yangtze River Bridge, a new high speed
standard fatigue vehicle is obtained, which can provide a reference for future fatigue research.

The fatigue load factor depends on the standard fatigue load. The fatigue load factors
of the two limit states in the fatigue design provisions of AASHTO on OSD panels and joints are
y1 = 1.50 and y; = 0.75, respectively. By analyzing the fatigue stress amplitude spectrum moni-
tored in the actual project, it is found that the State I load factor originally suitable for the main
beams, beams, truss rods, and other integral components cannot be safely applied to the design
of some OSD components [6]. Research shows that compared with the main girder of a standard
bridge, the experiment should increase the ratio of the maximum stress amplitude to the effective
stress amplitude in the OSD structure design, so an additional correction factor of 1.5, namely
1.5x1, needs to be multiplied. For the detailed structure near the beam opening and the detailed
structure of the part connected to the cover, State I load factor is 2.25. Besides, considering the
dynamic effects under traffic loads, we increase all loads’ impact coefficients by 15%.

Fatigue resistance calculation

Infinite life design

This type of design corresponds to the fatigue limit State I, and the maximum allow-
able fatigue stress amplitude Ao satisfies Ag = (Ao)TH, where (Ag)TH is the stress threshold of
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the S-N curve, and the fatigue stress thresholds of the A and C structures are 165.5 MPa and
69 MPa, respectively.

Limited life design

This type of design corresponds to the fatigue limit State 11, and the maximum allow-
able fatigue stress amplitude Ag is determined:

L
(Ao-)n =(W] or (lgA—lgN) 2)

where N = 365x100xnx(ADTT)SL, n is the number of cycles of stress amplitude generated
by each vehicle, (ADTT)SL — the daily average traffic volume of a single lane, 4 — the constant
related to the detail category. The constants in the structural details of Type A and Type C are
8177- 10° MPa and 1439 - 10° MPa, respectively.

Evaluation method steps based on the S-N curve

The fatigue calculation is mainly aimed at the five structural nodes that are prone to
fatigue cracks in the road orthotropic steel bridge deck structure, fig. 2, which are the longitu-
dinal beam-cover, (SD), node, the longitudinal beam-cross beam (SF) node, U-rib-cover (RD)
node, U-rib-beam (RF) node, and beam opening node.
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Figure 2. Fatigue crack locations of five typical structural details; (a) — SD node,
(b) — SF node-beam, (c) — SF node-longitudinal beam, (d) — RD node, (¢) — RF
node-beam, (f) — RF node-longitudinal rib, and (g) — measure the opening node

Determine n

The n is the number of cycles of stress amplitude change caused by a single-vehicle
passing through, which needs to be determined in conjunction with the vehicle’s number of
wheels. The structural details (SD node, RD node) connected to the cover plate directly bear the
wheel load, and the influence line of this type of node is relatively short. The value of n is deter-
mined by the number of wheels of the passing vehicle. Consider the formation of eight vehicles.
The row of wheels that is, n = 8 X2 x2 = 32. The structural details that are not connected to the
cover plate (SF nodes, RF nodes, beam opening nodes) do not directly bear the wheel load, and
the influence line of such nodes is relatively long [7]. According to the AASHTO specification,
the front and rear wheels' passing times can be reduced from 2 to 1, that is, n = 8x2x 1 = 16.
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Except for the five types of structural details that need to be focused on in fatigue research, the
method for determining n in other details is similar.

Estimated (ADTT) SL

The method of determining (ADTT) SL in this paper is based on the actual number
of Beijing-Shanghai high speed rail passes provided by China's highway network, and a more
reasonable (ADTT) SL value is 60.

Calculate the number of fatigue actions

According to the number of vehicles in a single day and the bridge's design life, the
minimum number of fatigue load actions, N, required for the steel bridge deck to meet the de-
sign and use requirements is calculated.

Determine the fatigue allowable stress amplitude

According to the number of fatigue actions, N, the fatigue allowable stress amplitude
of each structural detail is calculated through the specification’s S-N curve. According to the
American Orthotropic Steel Bridge Deck Design Manual and the American Highway Bridge
Design Code, the crossbeam part of the crossbeam opening node is Class A structural details,
and the rest are Class C structural details.

Calculation of hot spot stress amplitude

The finite element model can use shell elements (not considering the weld’s geometric
size) or volume elements (considering the geometric size of the weld) and establish a fine mesh
model and a coarse mesh model as needed. The corresponding stress extrapolation area should
meet the specification requirements. The hot spot stress amplitude needs to consider the load
factors under different fatigue limit states.

Finite element model
Model size

The paper uses ABAQUS software to establish a two-line two-segment model of a
Yangtze River bridge with a longitudinal length of 24 m and a lateral width of 15 m. It is
composed of three large beams and six small beams. The specific dimensions of the model are
shown in fig. 3. The material is Q370qE steel, the elastic modulus is 206 GPa, and the Poisson's
ratio is 0.3. The model does not model the concrete ballast groove slab [8]. This approach is
safer, but the concrete ballast groove slab's diffusion effect on the wheel load should be consid-
ered when the load is arranged.

Loads and boundaries

In this paper, the two-axle wheel pressure load of a high speed vehicle is used, and
the rear wheel pressure of the front car and the front wheel pressure of the rear car are com-
bined. The axle load of the vehicle is 1.5¢. According to the size of the wheelbase, rails, and
sleepers of the vehicle, the single wheel’s surface spread to the bridge deck is a rectangle of
1310% 1000 mm, so the uniform wheel load under the single wheel is 0.057 MPa. By compar-
ing load conditions at different positions, it was decided to select two representative operating
conditions for analysis: Operating condition 1, two axles of a bogie are symmetrically arranged
concerning the large beam and Operating condition 2, the centerline of one axle is located just
above the large beam, see fig. 3.



Zhao, F., et al.: Fatigue Evaluation of Hot Spot Stress in Fatigue Vulnerable ...

3098 THERMAL SCIENCE: Year 2021, Vol. 25, No. 4B, pp. 3093-3101
—WWF
— FLANGE PLATE /" —#4 DISTRBUTION &
/| SUPPORT BARS @ 24" 0/C
5" MIN. /o
OR AS\ [\, ‘ PR /| LGHT WT. OR NORMAL —
REQD / g/ \ c=0"T0 /| WI. CONCRETE
\ [ 1§ As REQD ~e ) reneears
it B A B S S R ‘:-;c/
> > H 2 ¢ R
it v o & [0}
/TN —— N\ /L
/ / \ N
GIRDER FILLER STRIP AS—  / N\ . D
DEPTH (0) e /N COMPOSITE STEEL DECK—
—— 7 & SHEAR STUDS
¥ THICK PLATE —/
| ¢ VA \ I\ /INTERMITTENT
T [/ \ WELD, TYP.
\-STD AISC
WT SECTION

Figure 3. Bridge deck structure size

The paper establishes a mixed element finite element model of the overall structure of
the bridge deck. By comparing the stress results of the two-line load and the single-line load, it
is found that the stress difference under the two load forms is extremely small [9]. The reason is
that the centerline of the two lanes is 5 m apart, which has exceeded the range of the influence
line in the transverse direction, so the single lane load is used for analysis.

Meshing

The thesis uses shell elements for modelling: the 8-node shell element S8R is used
for the stress concentration area between the large middle beam and the two small beams. The
4-node shell element S4 is used for other areas. The key research areas near the large beams are
divided by fine grids. At the stress positions that need to be extracted, the grid size is divided
according to the International Welding Association (IIW) requirements on the size of the stress
extrapolation unit. The other areas are divided by coarse grids.

Stress analysis and life assessment
Stress analysis
The SD node

Taking the SD node under working condition one as an example, the hot spot stress
at the welding toe of the cover plate and the longitudinal beam web is calculated and analyzed.
The plate’s thickness is 16 mm, and the stresses in the direction perpendicular to the weld at
a distance of 0.5¢ and 1.5¢ from the weld are extracted to be —23.790 MPa and —19.943 MPa,
respectively. Stress extrapolation:

o =1.5%(-23.790)-0.5x(-19.943) = -25.714 MPa 3)
Design according to Fatigue I:
y(Af) =225%x1.15x25.714 = 66.535 MPa 4)

Designed according to Fatigue II:
7(Af) =0.75x1.15%x25.714 = 22.178 MPa (5)



Zhao, F., et al.: Fatigue Evaluation of Hot Spot Stress in Fatigue Vulnerable ...
THERMAL SCIENCE: Year 2021, Vol. 25, No. 4B, pp. 3093-3101 3099

The plate's thickness is 12 mm, and the stresses in the direction perpendicular to
the weld seam at a distance of 0.5¢ and 1.5¢ from the weld are extracted as 4.995 MPa and
—1.927 MPa, respectively. Stress extrapolation:

o =1.5x4.995-0.5x1.927 = 6.529 MPa (¢)

12

—

Design according to Fatigue I: O Thickness

7(Af) =2.25x1.15%x6.529 =16.894 MPa  (7)
Designed according to Fatigue I1:

7(Af)=0.75x1.15x6.529 =5.631 MPa  (8)

Under the action of working condition 1,

there are stress extremes in the welding toe of

the SD node cover plate and the longitudinal
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in fig. 4, and the SD node stress cloud diagram o Secondorycross beam
is shown in fig. 5. The stress direction is per-
pendicular to the weld.
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Figure 5. Stress cloud diagram of SD node: (a) sliding-plate, (b) four screws,
(c) distal segment (buccal view), and (d) proximal segment
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The SF node

Under the action of working condition 1, the vertical welds of the longitudinal webs
of the SF joints of the bridge deck C and D and the horizontal welds of the lower flange of the
longitudinal beams have stress extremes. The webs of the SF joints of the bridge decks E and F
are vertical. Straight welds and horizontal welds have stress extremes. The stress cloud diagram
is shown in fig. 6, and the stress direction is perpendicular to the weld.
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Figure 6. Stress cloud diagram of SF node Figure 7. Stress cloud diagram of RD node
The RD node

Under the action of working condition 1, there are stress extremes at the weld toe
and U rib of the RD node cover plate at the G and H parts of the bridge deck. The stress cloud
diagram of the RD node is shown in fig. 7, and the stress direction is perpendicular to the
weld.

Life assessment
Allowable fatigue stress amplitude

According to the AASHTO specification on the calculation of fatigue resistance, for
the infinite life design of Fatigue I, the allowable value of fatigue stress amplitude for the de-
tails of type A is 165.5 MPa, and the allowable value of fatigue stress amplitude for the details
of type C is 69 MPa. For the finite life design of Fatigue II, (ADTT) SL is estimated to be 60,
where n is 8 2 x 2, there are SD nodes and RD nodes. Where n is 8 x 2, there are SF nodes, RF
nodes, and beam openings. Uribe position of the hole. Take the SD node as an example and
calculate the allowable value of fatigue stress amplitude corresponding to Fatigue I and Fatigue
I design:

— Fatigue I design

The SD node belongs to the C-type structure, so the allowable fatigue stress amplitude
is 69 MPa.

— Fatigue II design

The constant

AV (1439100 )"
(Ac) =|=| =|7oo——| =274 MPa
N 70080000

corresponding to the SD node is 1439 - 10° MPa, the minimum number of fatigue load action A.

FEvaluation results

Fatigue stress and life evaluation results are shown in tab. 1. It can be seen that under
the two working conditions, the fatigue stress amplitudes of Fatigue I and Fatigue II of the five
key nodes are all less than the allowable value. Based on this, it can be judged that the steel deck
design of the Yangtze River Bridge meets the infinite life requirement.
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Table 1. Fatigue stress and life evaluation results

Construction Weld toe of Weld toe of
details the cover plate the beam web
n 32
N/10* 7008
Working condition 1 2 1 2
The calculated value of Fatigue I 66.5 57.1 16.9 14.1
fatigue stress amplitude [MPa] Fatigue IT 222 19 5.6 4.7
Allowable fatigue stress Fatigue I 69
amplitude [MPa] Fatigue II 274
L Unlimited life Satisfy Satisfy Satisfy Satisfy
Whether to meet the design life - - - - -
100 years of life Satisty Satisty Satisty Satisfy

Conclusion

The paper takes a Yangtze River bridge as an example to establish a method for fatigue
stress analysis and fatigue life evaluation of highway orthotropic steel bridge deck. A finite ele-
ment model was established for the bridge deck structure with two lines and two segments, and
the hot spot stress analysis under two load conditions was carried out. Combined with the SN
curve of the AASHTO code, specific structural details’ fatigue life was evaluated. The results
showed that the steel deck the welding structure details meet the design requirements.
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