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A B S T R A C T   

Based on cracking inspection on an orthotropic steel bridge, stress behaviors and fatigue life at cutout detail are 
investigated through field measurement and multi-level FEM modelling. Research finds that fatigue cracks at 
cutout detail are highly related to wheel path. Biaxial compression at cutout detail implies high residual stress 
and it suffers severe out-of-plane distortion. Fatigue life can be evaluated based on category B with stress location 
5 mm away from free edge of cutout. It is concluded that serious overweight trucks, significant stress concen-
tration, too thin diaphragms, and poor finish condition jointly contribute to early cracking at cutout detail.   

1. Introduction 

Due to its light structural weight and high load bearing capacity, fast 
installation, shallow structural height and lower life-cycle costs, the 
orthotropic bridge deck (OBD) has been widely used in bridge engi-
neering over the past 80 years. Thousands of OBD bridges have been 
built around the world [1]. It is recognized that if the OBD is fairly 
detailed and fabricated, the OBD is guaranteed to provide over 100-year 
service [2]. However, as a steel structural system, the OBD is never 
fatigue-free, and fatigue cracks have been observed on various details in 
some OBD bridges. The cracks may result from poor detailing, manu-
factory flaw, high volume of truck traffics and overweight trucks, or 
from a joint contribution of those factors. Reported fatigue cracks 
include the Haseltal Bridge and Sinntal Bridge in German, the First 
Seven Crossing in UK [3], the West Gate Bridge in Australia [4], the 
Daishi Bridge in Tokyo Japan [5] et al. 

Fatigue evaluation of details on the OBDs can be carried out based on 
field measurement under random traffic flows. Mohammadi [6] inves-
tigated field measured data from fifteen bridges located in Illinois to 
evaluate fatigue damage in the critical components with welded cover 
plates. The measured stress ranges for each bridge were used to estimate 
fatigue life of these bridges based on a probabilistic method, and to 
investigate the effects of truck weight increase and traffic growth on the 
service history. Based on field strain measurement, Zhou [7] performed 

fatigue evaluation of an existing bridge with a suggested lower trunca-
tion stress range, and found that using the obtained equivalent stress 
range produced the most realistic fatigue life estimation. Alampalli [8] 
measured strain from fatigue critical members of an existing bridge to 
estimate their remaining fatigue life. Zhou [9] carried out stress and 
displacement measurement to investigate fatigue cracks in the web gap 
of a double-deck steel truss bridge, and concluded that the cracks were a 
kind of out-of-plane distortion-induced fatigue, and were resulted by the 
interactive deformations of the global structural system under live load 
and temperature variations. Fisher and Barsom [10] used strain gauge 
data and truck-axle loads from field measurement to investigate the 
fatigue cracks at rib-to-deck (RD) welds on the OBD installed on the 
Bronx-Whitestone Bridge, the research indicated that the cracks prop-
agated along the tip of hot cracks in the weld throat, and hot cracks were 
produced during shop fabrication. Based on field measurement and FEM 
analysis, Zhu [11] compared fatigue behaviors of two types of cutout 
geometry on OBDs for bridge rehabilitation. The results indicated that 
severe stress concentration appeared at both type of the diaphragm 
cutout detail, and the new cutout geometry with a large radius increased 
the stress level compared to the original cutout geometry. 

In Addition, the fatigue model tests and FEM analysis are also 
effective ways to investigate the fatigue performance of the OBD. Tsa-
kopoulos and Fisher [12] conducted full-scale fatigue tests of the OBD 
for the Williamsburg Bridge, and the results showed complex behavior 

* Corresponding author. Department of Civil and Environmental Engineering, Shantou University, Shantou, Guangdong, 515063, China. 
E-mail address: zhuzw@stu.edu.cn (Z. Zhu).  

Contents lists available at ScienceDirect 

Thin-Walled Structures 
journal homepage: http://www.elsevier.com/locate/tws 

https://doi.org/10.1016/j.tws.2020.107106 
Received 18 March 2020; Received in revised form 18 July 2020; Accepted 2 September 2020   

mailto:zhuzw@stu.edu.cn
www.sciencedirect.com/science/journal/02638231
https://http://www.elsevier.com/locate/tws
https://doi.org/10.1016/j.tws.2020.107106
https://doi.org/10.1016/j.tws.2020.107106
https://doi.org/10.1016/j.tws.2020.107106
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tws.2020.107106&domain=pdf


Thin-Walled Structures 157 (2020) 107106

2

of the orthotropic deck panels under wheel loading. Chen [13] investi-
gated the fatigue behaviors of OBD in a composite deck system by 
multi-span full scale test. Results showed that among the all fatigue 
details of OBD, only longitudinal cracks are occurred at the 
rib-to-diaphragm weld-all-around detail. Based on a steel-concrete 
composite deck with large-size longitudinal U-shaped ribs, Zhang [14] 
investigated the relationship between fatigue performance of OBD and 
deterioration of mechanical properties of concrete and shear connectors 
by model tests and FEM analysis. The results found that the concrete 
cracking and shear studs damage would increase the risk of fatigue 
failure of OBD. To investigate the effect of thickened edge U-ribs and the 
influence of key parameters on the fatigue performance of RD weld, 
Heng [15] conducted both full-scale OBD test and FEM analysis. Find-
ings indicated that the thickened edge U-ribs could significantly enhance 
the fatigue performance of RD weld. By using fatigue tests and FEM, 
Wang [16] analyzed some of the unique fatigue behaviors at RD welds in 
OBDs. It was found that the fatigue performance of weld root could be 
improved by increasing weld penetration or weld fillet size. Incorpo-
rating different through-thickness cracks at RD welds, Ju [17] created 
OBD models in FEM to simulate crack propagation under cyclical 
loading. It was found that the crack was propagated from the crack tip 
due to the out-of-plane bending of the rib wall. Xiao [18] employed the 
FEM to investigate the stress behavior of RD welds under three typical 
transverse wheel paths, and concluded that increasing the distribution 
area of wheel loads or the thickness of deck plate could improve the 
fatigue performance of RD detail. Zhang [19] performed fatigue tests 
and FEM analysis to reveal the fatigue cracking mechanism at 
rib-to-diaphragm detail, and demonstrated that the fatigue strength at 
weld toes was depended on the out-of-plane distortion of the rib. The 
created bending stress at the detail was the major cause to crack initi-
ation. Since the notch-stress intensity factor represented the local me-
chanical properties of notch tips, Luo [20] predicted notch-stress 
intensity factors at tip of weld root in RD welded joint via FEM, and a 
formulae predicting the weld root notch-stress intensity factors was 
proposed through multi-parameter analysis. Li [21] conducted the FEM 
to investigate effects of weld penetration ratio on the fatigue failure 
mode of RD joint, and concluded that the dominant fatigue failure mode 
may change with variation of weld penetration ratio. Cui [22] analyzed 
the fatigue reliability of RD joint via FEM, and the results suggested that 
the growth of the truck weight presented a more detrimental impact on 

the fatigue life than that produced by the increase of the traffic volume. 
The Pingsheng Bridge, located in Guangdong Province, China, is a 

self-anchored structure with one single main tower and one suspended 
span of 350 m crossing the Dongping River, as shown in Fig. 1. The 
stiffening girder in the main span is a steel box girder incorporating the 
OBDs, while it is a prestress-concrete (PC) box girder in other spans. The 
stiffening girder was built as separate twin decks, with the east deck 
serving the north-bound traffic while the west deck providing the south- 
bound roadway. This self-anchored structure is characterized by its main 
cables anchored at the two ends of the stiffening girder, which is 
different from the typical grave-anchored suspension bridge. 

Five traffic lanes are arranged on the deck. Fig. 2 shows the cross 
section of steel box girder in the south bound. The OBDs in one side of 
main girder consist of 33 identical trapezoidal ribs underneath the 
roadway. The 8 mm thick ribs are connected to the 16 mm deck plate by 
partial-penetration RD welds, where at least 80% penetration is 
required. The diaphragm thickness is 12 mm at hangers and 10 mm at 
others, with its spacing of 3 m in bridge longitudinal direction. More 
information of the OBD is shown in Fig. 3. 

A steel marketplace locates close to northern side of the bridge. For 
steel products purchased there and transported to the south bank of the 
river, this is the only bridge which truck traffics are permitted to use. 

Fig. 2. Cross section of steel box girder in south bound (Unit: m).  

Fig. 3. Structural details of OBD (Unit: mm).  

Fig. 1. Bridge elevation (Unit: m).  
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After the bridge was open to traffics, serious overweight trucks and high 
volume of truck traffics are always observed on the bridge. Fig. 4 shows 
a significant overweight truck passing the bridge during the present field 
measurement. It was a three-axle-group truck carrying ten packages of 
rolled steel plate, and was supposed to weigh over one hundred tons. 

In this paper, a survey on fatigue cracks observed on the bridge is 
first presented via field inspection. Then long time field measurement 
under random traffic loading has been carried out to measure the stress 
time history around the cutout detail, and fatigue life at the detail is 
provided. In addition, specific analysis via FEM has also been employed 
to model the stress response under the wheel loads, and the fatigue life is 
evaluated and compared to the measured and real bridge fatigue life. 
Finally, the causes of fatigue damage at the cutout detail are 
investigated. 

2. Crack survey on OBDs 

The OBDs in this bridge incorporates a cutout below and around the 
ribs at the intersection with the diaphragms, which is intended to avoid 
welds to the highly stressed bottom portion of the rib, and hence to 
minimize the restraint provided by the diaphragm web to rib rotation 
due to unsymmetrical loading in bridge longitudinal direction [23]. 
Compared to the rib depth of 280 mm, the total depth of the cutout is 
113 mm, which is considered as a normal design value [24]. Fig. 3 shows 
that the curvature radii at the top of the cutout is only 10 mm, which is 
significantly small, while the straight portion of the cutout is parallel to 
the rib wall. 

In September 2013, a routine visual inspection inside the steel box 
girder, which was carried out by the bridge authority, found several 
cracks on the diaphragm near the cutout detail on the OBD. The 
observed short cracks indicated that such kind of cracks initiated at the 
free edge of cutout detail, and propagated on the diaphragm at an angle 

of about 20◦ to the horizontal plane upward, as shown in Fig. 5. With 
this observation, further inspection was carried out on the entire steel 
box girder in February of 2014, and found 36 cracks in the south-bound 
OBD and 32 cracks in the north-bound one. In July 2014, a professional 
bridge inspection agency took a special inspection and reported 86 
cracks in the south-bound steel box girder and 43 cracks in the north- 
bound one, respectively, which implied a possible increased numbers 
of fatigue cracks. The maximum and minimum length of the cracks were 
210 mm and 12 mm, respectively. 

A classification on crack patterns showed that there are typically 
three types of fatigue cracks on the OBD. The first type is the diaphragm 
base-metal crack at the free edge of cutout detail, as shown in Fig. 5. 
Such type of crack accounts for most of the cracks observed on the OBD, 
i.e., 82 cracks in the south bound and 39 cracks in the north bound (one 
triangle represents one crack), as shown in Fig. 6 (D103, e.g., is short for 
diaphragm 103 numbered from north end of the steel box girder to its 
south). The second type of crack, as shown in Fig. 7, is the one initiated 
at the lower end of rib-to-diaphragm weld, and propagated on the dia-
phragm along the rib-to-diaphragm weld. Fig. 8 shows the third type, 
which was observed at the lower tip of rib-to-diaphragm all-around 
weld. It is noted that, compared to number of the first type of crack, the 
second and third types of crack only account for six percent of the total 
number of observed cracks. 

Fig. 6 shows that more cracks appeared on the south-bound OBD 
than the north-bound OBD. It is also clear that for cracked detail, more 
cracking occurred on the intermediate diaphragm (10 mm thick) than 
the hanger diaphragm (12 mm thick). Fig. 9 indicates the distribution of 
cutout cracks under each designed traffic lanes. Such kind of cracks are 
highly correlated with the design wheel path, and is also under the 
designed truck lanes (the first lane adjacent to the walkway is designated 
as passenger car lane connecting to city road through a ramp, and the 
second and third lanes are posted as truck lanes). 

Since this bridge is the first OBD bridge constructed with a deck plate 
of 16 mm thick, the cause of cracking on this bridge presented a major 
concern for steel bridge society in China. With this consideration, field 
measurement and FEM analysis were performed to investigate the fa-
tigue mechanism of the cutout cracks. 

3. Field measurement under random traffic flow 

3.1. Test setup 

In bridge longitudinal direction, the diaphragms of steel box girder 
are numbered from the north end to the south till it stops at the main 
tower where the steel-concrete joint section locates, as shown in Fig. 6, 
and the diaphragm 101 is abbreviated for D101, etc. The longitudinal 
ribs are numbered from the central barrier to the sidewalk, and the ribs, 
such as rib 18 and rib 19, are named as R18 and R19 for short, which are 
indicated in Fig. 9. 

Since more cracks appeared on the diaphragm between R18 and R19, 

Fig. 4. Observed a six-axle truck passing bridge.  

Fig. 5. Typical base-metal cracks on cutout detail, a) Short; b) Intermediate; c) Long.  
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which was directly underneath the design truck wheel path, in order to 
avoid the effects of cracks on stress behavior at the measured cutout, the 
area around R19 on D101, where no crack was found, was selected as the 
area of interest for stress investigation. With this consideration, strain 
gauges were arranged around the cutout detail based on nominal stress 
method, with their centers 6 mm away from the free edge of the cutout 
or from the welding toe [25]. For the strain gauges applied along the 
cutout, a spacing of 25 mm between them was applied, as shown in 
Fig. 10a). In this study, fully encapsulated constantan foil gauges with 
self-temperature compensation property were used. The gauge gird size 
was 2.8 mm (length) × 2.0 mm (width) with aphenolic-acetal backing of 
6.4 mm (length) × 3.5 mm (width). 

Uniaxial strain gauges and tri-axial strain gauge rosettes were 
applied on the diaphragm around R19. As shown in Fig. 10, the strain 
gauges were placed symmetrically at both side of R19, with more gauges 
on the left side (L for short) between R18 and R19. There were two strain 
rosettes at the cutout detail, and several uniaxial strain gauges were 
placed along and adjacent to the free edge of cutout. In addition, uni-
axial strain gauges were also applied to rib-to-diaphragm weld on the 
diaphragm. In order to compare stress on both side of the diaphragm, 
back-to-back arrangement of gauges on the diaphragm southern and 
northern side were made at the same measuring location, as shown in 
Fig. 10 b). Notice that the numbers inside the parenthesis represent the 
gauges applied on the southern (S in short) side of the diaphragm. All 

Fig. 6. Longitudinal distribution of cracks at cutout detail on main span, a) North bound; b) South bound (one triangle represents one crack).  

Fig. 7. Second type of crack.  
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Fig. 8. Third type of crack.  

Fig. 9. Transverse distribution of cutout cracks under traffic lanes, a) North bound; b) South bound.  

Fig. 10. Strain gauge arrangement on D101 around cutout of R19 (Unit: mm), a) Gauge location, b) Gauge numbering.  
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strain gauges were numbered and connected to the DH-5937 data 
acquisition system, which is hosted inside the bridge box girder, as 
shown in Fig. 11. 

The data acquisition system could be quickly initialized when the 
bridge main span was free of truck traffics. Considering the truck speed 
on the bridge, the sampling frequency was set to 200 Hz in order to 
capture accurate stress response from fatigue-prone details. Strain time 
histories have been continuously recorded for two weeks, as to include 
more random effects representing the traffic variation. In this paper, the 
Young’s modulus of 2.06 × 105MPa is employed to transfer the 
measured strain records to stress time histories. 

3.2. Typical stress records at cutout detail 

Two strain gauge rosettes, as illustrated in Fig. 10, individually 
consists of three uniaxial gauges orientated vertically, horizontally and 
45◦ to the horizontal plane downward, respectively. The typical stress 
response of the vertical ones, numbered as 1–10 and 1–2 (indicated as 
red line segment in legend of Fig. 12) in the northern side of the dia-
phragm, as well as 2–8 and 2–4 in the southern side, to truck loading are 
plotted in Fig. 12a). The figure shows two trucks travelled on the deck at 

two different time, but stress behavior at the both sides of R19 is quite 
different. 

Fig. 12 a) indicates that the maximum peak stress is compressive and 
values as high as 214.3 MPa, which occurred at gauge 1–10 under the 
passage of the first truck. It was a three axle-groups truck [26] and its 
rear-axle group generated the maximum peak. In comparison, the sec-
ond truck produced low stress. It should be noted that gauges on left side 
of R19 presented higher stress response than the right side, suggesting 
that the truck wheels may slightly offset to the left side of R19. This may 
explain why more cracks appeared on the diaphragm between R18 and 
R19. Comparison between stress on southern and northern side of the 
diaphragm shows that the peak stresses on northern side is higher than 
that on the southern side. Consequently, the diaphragm is subjected to 
out-of-plane bending under truck loading. 

Based on the back-to-back gauge data, the stress response on the 
diaphragms can be decomposed into the in-plane and out-of-plane 
components as follows [27], 

σin =
σs + σn

2
(1)  

Fig. 11. Photograph of typical instrumentation and test equipment, a) Gauges on details; b) Data acquisition system.  

Fig. 12. Stress at vertical gauges of strain gauge rosettes on D101 generated by two trucks, a) Gauge stress; b) In-plane and out-of-plane components.  

Table 1 
Stress and component at vertical gauges of strain gauge rosettes on D101 in Fig. 12.   

Gauge ID σ (MPa) Gauge ID σ (MPa) In-plane (MPa) Out-of-plane (MPa) Out./In. (%) 
First truck 1–10 −214.3 2–8 −67.5 −140.5 −73.8 52.5 

1–2 −174.5 2–4 −60.5 −117.5 −57.0 48.5 
Second truck 1–10 −154.6 2–8 −52.9 −103.7 −50.8 49.0 

1–2 −92.1 2–4 −42.2 −67.2 −24.9 37.1  
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σout =
σs − σn

2
(2)  

where σin and σout are in-plane and out-of-plane components, respec-
tively; σs and σn are gauge stresses on southern and northern sides of the 
diaphragm. 

Fig. 12 b) plots the in-plane and out-of-plane response components at 
vertical gauges of strain gauge rosettes on D101 generated by two 
trucks. It can be seen that the maximum in-plane stress is compressive 
and values as 140.5 MPa, which recorded at gauges 1–10 and 2–8 under 
the passage of the first truck, and the corresponding out-of-plane stresses 
are −73.8 MPa and 73.8 MPa at gauges 1–10 and 2–8, respectively. 

Table 1 shows stress and its component at the vertical gauges of 
strain rosettes on D101 in Fig. 12. For the maximum peak stress, the in- 
plane peak stress is −140.5 MPa, while its out-of-plane stress is −73.8 
MPa. Hence the ratio of out-of-plane stress to in-plane stress is 52.5%, 
which implies that even for the maximum peak stress [24], the in-plane 
stress is clearly dominant. On the right side (R for short) of R19, the 
in-plane and out-of-plane components are all decreased, with the peak 

stress ratio of out-of-plane to in-plane of 48.5%. 
Fig. 13 shows the stress response of the 45◦ gauges of the strain gauge 

rosettes, numbered as 1–9 and 1–3 (red line segment in legend of 
Fig. 13) in the northern side of the diaphragm, as well as 2–9 and 2–3 in 
the southern side, under the passage of the same trucks in Fig. 12. The 
rear axle group produced the maximum peak stress of −209.5 MPa at 
1–9, as shown in Table 2, which is slightly lower than that of the vertical 
gauge 1–10. The in-plane and out-of-plane components are respectively 
−139.0 MPa and −70.5 MPa for the gauge in the left side (L for short) of 
R19, with the ratio of out-of-plane to in-plane of 50.7%, which is notably 
high at this location. The out-of-plane component in the right side of R19 
decreases to −26.3 MPa, which is clearly smaller than that of the left 
side. The same trend can also be observed from the stress records under 
passage of the second truck. However, comparison between Figs. 12 and 
13 indicates that the maximum peak stress and the decomposed com-
ponents are very close between the two groups of gauges, although they 
are applied in different direction. 

Fig. 14 shows stress in the horizontal gauges of strain gauge rosettes, 

Fig. 13. Stress at 45◦ gauges of strain gauge rosettes on D101 under the passage of two trucks, a) Gauge stress; b) In-plane and out-of-plane components.  

Table 2 
Stress response at 45◦ gauges of strain gauge rosettes on D101 in Fig. 13.   

Gauge ID σ (MPa) Gauge ID σ (MPa) In-plane (MPa) Out-of-plane (MPa) Out./In.(%) 
First truck 1–9 −209.5 2–9 −68.5 −139.0 −70.5 50.7 

1–3 −142.1 2–3 −89.6 −115.9 −26.3 22.7 
Second truck 1–9 −126.3 2–9 −48.0 −87.2 −39.1 44.9 

1–3 −75.7 2–3 −58.3 −67.0 −8.7 13.0  

Fig. 14. Stress at horizontal gauges of strain gauge rosettes on D101 under the passage of two trucks, a) Gauge stress; b) In-plane and out-of-plane components.  
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numbered as 1–8 and 1–4 in the northern side of the diaphragm (red line 
segment in legend of Fig. 14), as well as gauges 2–10 and 2-2 in the 
southern side, subjected to the same truck loading. Compared to stress 
from the vertical and 45◦ gauge, the compressive stresses at the hori-
zontal ones were greatly decreased, which implies that under the truck 
loading, although the cutout detail is under biaxial compression, the 
stress in vertical direction is dominated. 

In order to obtain integrated stress behavior at the cutout detail, 
records from strain gauge rosettes N-1 (1–8, 1–9 &1–10) were computed 
to identify its principal stresses and their orientation, as well as the shear 
stress, which is shown in Fig. 15. On the northern side of the diaphragm, 
this location was indeed under biaxial compression under wheel 
loading. More in detail, the second and third principal stresses were all 
negative (the first principal stress is nil), with the third principal stress 
being the maximum peak stress in absolute value of 272.3 MPa. In 
addition, the maximum shear stress on the detail valued as high as 98.0 
MPa. In the following section, the principal stress will be referred to this 
third principal stress. 

Fig. 15 also shows the direction of the second principal stress. It is 
very interesting to notice that under the wheel loading, the second 
principal stress was in the direction of around 20◦ to the horizontal plane 
upward, which is very close to the fatigue cracks frequently observed on 
the detail (see Fig. 5). As reported by Cui [28], the welded residual 
stress, which is always in tension at weld toe [29], significantly affects 
fatigue performance of the OBD. Since the third principal stress was 
normal to the second principal stress and the residual stress may be as 

high as the yield strength of the steel, it can be understandable that the 
compressive stress produced by trucks, superposed with the welded re-
sidual stress in tension, would generate tensile stress at cutout detail, 
and fatigue cracks may initiate and propagate in the direction normal to 
the third principal stress, i.e., along the second principal stress direction. 
Based on the observed cracks at cutout detail and the measured biaxial 
stress range in compression, one can infer that high residual stress exists 
at the cutout detail, which may emanate from the rib-to-diaphragm 
welding process [29]. 

Fig. 16 illustrates the principal stresses of the four strain rosettes at 
the cutout detail, i.e., N-1 and N-2 on the northern side of diaphragm, as 
well as S-1 and S-2 on the southern side of diaphragm. The peak stress 
indicates that stress at the detail on the northern side was higher than 
that of on the southern side, and the stress on the left side of R19 is 
higher than that of on the right side, with primary peak stress as high as 
−272.3 MPa, as shown in Table 3. Since the design wheel path is on the 
left side of R19, this passing truck may generate quite different stress at 
both sides of cutout detail due to its offset loading on R19. This again 
explains why more fatigue cracks appeared on the diaphragm at the left 
side of R19, as shown in Fig. 5. The maximum out-of-plane and in-plane 
stress in N-1 are respectively −90.1 MPa and −182.2 MPa, corre-
sponding to a ratio of out-of-plane to in-plane component of 49.4%. This 
again demonstrates that the cutout detail is subjected to serious out-of- 
plane bending, i.e., distortion. 

3.3. Stress behaviours along free edge of cutout 

Gauges applied along the free edge of the cutout, as indicated in 
Fig. 10, are intended to measure and investigate stress behavior along 
the free edge of cutout, including stress variation and the out-of-plane 
bending behavior of the diaphragm at different location along the free 
edge of cutout. Fig. 17 a) shows stress responses of those gauges under 
passage of two trucks, in which the first truck is the same one as that 
analysis in Figs. 12–16. 

Fig. 17 indicates that the stress time histories at both sides of free 
edge share the same trend, i.e., two stress peaks in compression can be 
clearly identified under the passage of one truck, but the peak stress 
gradually decreases with height. Similar to the stress behavior at the 
cutout detail, stress at the left side of R19 is higher than the right side, 
while the stress level at southern side of D101 is smaller than that of the 
northern side. As shown in Fig. 18, for all gauges on both side of R19, 
both the in-plane and out-of-plane components increase with height 
along the free edge. For the out-of-plane components, this feature sug-
gests that the diaphragm close to the lower end of rib-to-diaphragm 
weld, typically the cutout detail, may suffer highest out-of-plane 
distortion. Hence increase on depth of the cutout geometry may help 

Fig. 15. Stress components and stress direction at strain rosettes N-1.  

Fig. 16. Principal stress of strain gauge rosettes on D101 under passage of two trucks, a) Principal stress; b) In-plane and out-of-plane components.  
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the diaphragm eliminate its constraint to the rib, which will in turn help 
reduce the out-of-plane distortion of the diaphragm. 

3.4. Fatigue life estimation at cutout detail 

The field measurement under random traffic flows lasted two weeks, 
hence both the workday and weekend influence on traffics can be 
considered. Fig. 19 shows a typical 24-h time histories of the third 
principal stress (the maximum in absolute value among principal 
stresses) of N-1. With the measured time records, stress-range histo-
grams can be developed using the rainflow counting method [30], which 
is widely used for fatigue assessment. The rainflow counting method was 
programmed and a variable-amplitude stress-range spectrum for this 
detail is provided, as shown in Fig. 20. 

In this paper, the fatigue life will be estimated based on Miner’s rule. 
It is recognized that a variable-amplitude stress-range spectrum can be 
represented by an equivalent constant-amplitude stress range, which is 
equal to the cube root of the cube of all stress ranges, i.e., 

Δσe =

(

∑ niΔσi
m

∑

ni

)1/m

(3)  

where Δσe is the equivalent constant-amplitude stress range; Δσi and ni 
are the stress range and its corresponding number of cycles, respectively; 
the index m = 3 according to AASHTO LRFD [31]. 

When computing the equivalent constant-amplitude stress range, a 
cut-off stress range is normally accepted, since low stress range has little 
contribution on the cumulative damage at the fatigue-prone detail [32]. 
It has also been demonstrated that as a number of low stress-range cycles 
are considered, the predicted cumulative damage based on the calcu-
lated equivalent constant-amplitude stress range becomes asymptotic to 
the applicable S–N curve. In this paper, stress ranges below 20 MPa are 
ignored, and the identified maximum stress range is of 277 MPa, as 
shown in Fig. 20. Because the stress range is determined from rainflow 
counting method, the maximum stress range is not necessarily generated 
by an individual truck [1]. The calculated equivalent 
constant-amplitude stress range based on Eq. (3) is 79.0 MPa, and its 
corresponding number of cycles is 7063 per day. 

Table 3 
Principal peak stress of strain gauge rosettes.   

Gauge ID σ (MPa) Gauge ID σ (MPa) In-plane (MPa) Out-of-plane (MPa) Out./In.(%) 
First truck N-1 −272.3 S-1 −92.1 −182.2 −90.1 49.4 

N-2 −208.0 S-2 −104.9 −156.4 −51.6 33.0 
Second truck N-1 −185.1 S-1 −67.8 −126.4 −58.6 46.4 

N-2 −110.4 S-2 −68.7 −89.5 −20.8 23.3  

Fig. 17. Stress response of gauges along free edge of cutout, a) Left side; b) Right side.  

Fig. 18. In-plane and out-of-plane components of gauges along free edge of cutout, a) Left side; b) Right side.  
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For the cutout detail, it is a base-metal category with no welds 
involved. If the free edge is properly ground with smoothness of 0.025 
mm or less [31], the fatigue resistance of category A with a constant 
amplitude fatigue limit (CAFL) of 165 MPa can be applied [1]. The 
maximum stress range of 277 MPa in the stress ranges spectrum is well 
above the CAFL, while the number of cycles exceeding the CAFL is 165, 
corresponding to the level of 2.3% of exceedance probability, which is 
significant higher than the suggested level of 0.01% of exceedance 
probability for the fatigue-limit-state stress range in NCHRP 354 [32]. 
Hence, fatigue cracking will be a serious concern at this detail, and its 
fatigue life can be estimated based on the following equation, 

n=
A

Δσe
3⋅365⋅

∑

ni

(4)  

where A is a detail related constant, A = 8.2 × 1012; n is the fatigue life 
estimated in years. 

The estimated fatigue life for the cutout detail is only 6.45 years 
under current traffics. This life is very close to the fatigue life observed 
on the real bridge, but is significantly lower than the bridge design life of 
100 years. Considering the variable stress range spectrum shown in 
Fig. 20, it is clear that not only the average-day truck loading cycles are 
massive, but also its equivalent constant-amplitude stress range is 
notably high. During the field measurement, traffic survey on the bridge 
deck found very high traffic volume passing the bridge, especially 
significantly high fraction of trucks among traffic flows, as shown in 
Fig. 21. It may be one of the reasons why the early fatigue cracks 
occurred on the OBD of this bridge. 

4. Finite element analysis 

4.1. FEM model 

In order to further identify stress behavior of the OBD under truck 
loading, multi-level FEM models are established with different model 
scales via the ANSYS software. Those models includes the full bridge 
model, the sectional box girder (SBG) model, and the OBD panel model, 
with their model scales reduced in sequence as to obtain high mesh 
resolution at detail of interest, which will help improve accuracy of 
stress analysis under the passage of trucks. 

Fig. 19. Typical 24-h time histories of strain rosettes N-1 under random traffics.  

Fig. 20. Stress-range histogram of the principal stress of strain rosettes N-1.  

Fig. 21. Truck traffics passing bridge during field measurement.  
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4.1.1. Full bridge model 
As a long-span self-anchored suspension bridge, the bridge main 

cables are anchored at the both ends of the stiffening girder. Conse-
quently, the stiffening girder may suffer huge axial force which is uni-
form in bridge longitudinal direction due to all vertical hangers. This 
huge axial force may contribute to loading effects on bridge structures, 
and hence it should be reasonably represented in this study. 

The software ANSYS is first employed to establish a model repre-
senting the bridge in completed state. In this model, the stiffening girder 
is simulated by a single spine beam using element BEAM 4, with hangers 
and main cables modelled by element LINK10. Transverse rigid canti-
levers at hanger location in bridge longitudinal direction are provided to 
link the spine beam and hangers. The main tower and piers are also 
simulated by beam elements, with bearings reasonable presented to 
support the stiffening girder at its intersection with the main tower. The 
contribution of 50 mm thick deck pavement to structure rigidity is not 
considered, while its weight is recognized in the full bridge model and 
modelled by the element MASS21. For the steel and concrete materials 
used in the bridge, Young’s modulus of 2.06 × 105MPa and 3.4 ×
104MPa, and Poisson’s ratio of 0.3 and 0.2 are respectively applied. The 
full-scale bridge model is shown in Fig. 22. For the boundary conditions, 
all degree-of-freedoms at the bottom of piers and main tower are 
constrained. 

In bridge completed state with only dead loads, the calculated axial 
force acting on the stiffening girder is 1.07 × 106 kN, which is 

compressive and is uniform along the stiffening girder. This huge axial 
force is then applied on the cross section of the sectional model as one of 
its boundary conditions. 

4.1.2. Sectional box girder model 
A SBG model with three hangers and nine diaphragms, measured 24 

m long in bridge longitudinal direction, is then built in ANSYS. A co-
ordinate system, wherein the Z-axis is in bridge south bound direction, 
while X-axis and Y-axis are respectively along bridge transverse direc-
tion and vertical direction, is defined and shown in Fig. 23. In this 
model, the diaphragm is numbered as FB1 to FB9 from the south to 
north, with FB1 located in south end. 

The deck plate, bottom plate, longitudinal ribs, diaphragms and 
other members of steel box girder are all simulated by shell element 
SHELL63. The hangers are modelled by element LINK10. Due to its large 
model scale, mesh size has to be limited as to avoid huge amount of 
elements, which may prohibit FEM analysis when including a number of 
load steps. In this SBG model, there are about 622,000 element and 
597,000 nodes. 

When applying the boundary conditions, all hangers are fixed at 
their upper ends. At the south end of SBG model (Z = 0 m), nodes on this 
section are all constrained in X and Z direction; while at the northern end 
of the model (Z =−24 m), nodes on this section are also constrained in X 
direction. It is recognized that the boundary conditions employed in the 
model are only an approximation to the actual boundary state on the 
bridge. However, as the details of interest are located far away from 
model boundaries, according to Saint-Venant’s principle, such treat-
ment will not bring significant errors to FEM results. 

4.1.3. OBD panel model 
In order to accurately obtain stress response at the detail of interest, 

not only the cutout geometry should be reasonably represented in FEM 
model, but also a high resolution mesh system with good mesh quality is 
required. Obviously, for the SBG model with multiple load steps, high 
mesh resolution will result in huge amount of elements. As a result, the 
computation will be time-consuming, which may prohibit the FEM 
analysis on personal computer. Hence, it is reasonable to build a sub- 
model that model scale is small and high resolution mesh can be 
created around the details of interest. 

In this paper, an OBD panel model, which is cut from the SBG model 
and consists of R18, R19 and R20 with two diaphragms, i.e., FB4 and 
FB5, will be established as a submodel, as shown in Fig. 24. Due to its 
small model scale, relatively finer mesh can be applied on the model, 
especially on the area close to the detail of interest. Meanwhile, non- 
uniform mesh strategy is also employed in this model, and fine mesh 
will be applied at the area where high stress gradients are expected. In 
addition, mesh stretching ratio is controlled within the range of 0.8 and 
1.25 both in bridge longitudinal direction and transverse direction, as 

Fig. 22. FEM model of full bridge in completed state.  

Fig. 23. SBG model and its coordinate system.  Fig. 24. OBD panel model.  
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shown in Fig. 25. Mesh independence check on three grid scales at the 
cutout detail, i.e., 2.0 mm, 1.0 mm and 0.5 mm, indicated that the 
maximum stress and its location are almost identical at cutout detail on 
the second and third grid scale. Consequently, the second grid scale of 
1.0 mm around the cutout detail is selected in FEM, and the total height 
of six mesh layers adjacent to the free edge of cutout is 6.0 mm, as shown 
in Fig. 25. Orthogonal grid is well ensured as to satisfy the FEM re-
quirements and help obtain accurate results. 

It should be pointed out that, in this OBD panel model, boundary 
conditions associated with each load steps are respectively generated 
from the SBG model under corresponding load steps. 

4.2. Load scheme on SBG model 

The fatigue truck per AASHTO LRFD, i.e., the HS-15 truck with 15% 
additional load considering impact effect [31], is selected to load on the 
bridge deck. In this truck model, the transverse center-to-center spacing 
of wheels is 1.8 m, while the wheel loads is distributed over an area of 
0.25 m (in the longitudinal direction) by 0.51 m (in the transverse di-
rection) for middle- and rear-axles groups. Other configurations are 
specified in Fig. 26. 

Since the 3 m spacing of adjacent diaphragms is far shorter than the 
spacing between middle- and rear axle of fatigue truck (center-to-center 
9 m), and the OBD always presents very significantly local stress effects 
under wheel loads [33], in this paper, only the middle-axle group is 
applied on the bridge deck. As for the asphalt overlay with thickness of 
50 mm and a load distribution angle of 45◦ to the vertical plane, the 
wheel load will distribute to an area of 0.61 m by 0.35 m on the deck 

plate. Hence, the uniform tire pressure acting on the deck plate will be, 

P= 1.15 ×
5.4 × 10000

2 × 0.61 × 0.35
= 0.145 (MPa) (5) 

As indicated in Figs. 6 and 9, more cracks appear on the intermediate 
diaphragms, especially underneath the design wheel path of the heavy 
traffic lane, i.e., the area between R18 and R19 on the intermediate 
diaphragms, hence the fatigue details at this area will certainly be the 
focus. With this consideration, three typical transverse wheel loading 
locations [18], i.e., LC1, LC2 and LC3, corresponding to wheel centered 
on R19, centered at the RD weld, and centered at the midway between 
R18 and R19, will investigate in this paper. Fig. 27 a) shows the three 
typical transverse loading locations [34]. 

Truck loading along the bridge deck is simulated through step-by- 
step moving the truck wheels in bridge longitudinal direction. As 
shown in Fig. 27 b), the first load step is defined with the front axle of the 
middle axle group centered on the No.1 intermediate diaphragm (FB3) 
when the middle-axle group heads to the north bound. For the second 
load step, the front axle will move 0.6 m ahead. As the axle group is close 
to the No.2 intermediate diaphragm (FB4), small step interval is 
employed, as shown in Fig. 27 b). For clarity, when the front axle is close 
to FB4, 0.15 m loading spacing is employed as to obtain more accurate 
stress response. Since the details of interest locates on FB4, when the 
axle group moves away from this diaphragm, the loading spacing can be 
gradually increases. The load scheme will finally end when the rear axle 
centers on the No.3 intermediate diaphragm (FB6). Such longitudinal 
load scheme will produce 30 load steps in one typical transverse loading 
location. As a result, totally there are 90 loading steps in FEM analysis. 

4.3. FEM results 

For detail where stress concentration exists [35], nominal stress will 
difficult to define, since the stress will be highly dependent on its loca-
tion. This is the fact for cutout detail, and different cutout geometry may 
present different level of stress concentration. In literatures [1,25], the 
nominal stress was extracted at the place 6 mm away from free edge of 
cutout edge. Other literatures reported the nominal stresses at the place 
some distances away from fatigue details [36–40], i.e., 5 mm, 10 mm, 
13 mm and 15 mm. Based on above considerations, fatigue evaluation 
are performed for cutout detail per AASHTO LRFD specification [31], 
and stress at different location will be compared. 

Fig. 25. Mesh arrangement around cutout detail.  

Fig. 26. Fatigue truck per AASHTO LRFD.  
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Fig. 27. Wheel loading scheme, a) in Transverse direction; b) in longitudinal direction.  

Fig. 28. Stress curves at various location under wheel loading.  
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4.3.1. Stress response 
As regards field measurement under wheel loads, the first principal 

stress at cutout detail is nil, while the second and the third principal 
stresses are negative, hence the region around the cutout detail is in 
biaxial compression. Since the third principal stress in absolute value is 
the maximum at cutout detail, it will be provided for analysis hereafter. 
Fig. 28 plots the stresses at different location close to the cutout detail on 
FB4 under passage of wheel loads, in which the z axis is positive in truck 
direction, with z = 0 located at FB4. 

In the case of nominal stress obtained 6 mm away from the free edge 
of cutout, the wheel axle group under LC2, i.e. riding-rib wall location, 
produces the highest compressive stress at the cutout detail, which 
means that the LC2 is the most critical transverse loading location 
among the three typical transverse loading cases, as shown in Fig. 28. Its 
peak stress reaches 44.1 MPa in compression, with the front wheel of the 
middle-axle group 0.3 m ahead of FB4, which is also the critical loading 
location for LC1 and LC3 in bridge longitudinal direction. The stress 
curve shows that when the axle group approaches FB4, the stress at the 
cutout detail gradually increases, and when it leaves the diaphragm, the 
stress will gradually decrease. It is clear that the axle group produces 
only one peak, i.e., only one stress cycle, and the individual axle cannot 
be identified from the stress curves. When the front wheel centers on 
FB5, the stress at cutout detail drops to about 5 MPa, and the stress 
curves gradually flatten when the axle group move further ahead. 
Actually, when the real axle loads on FB5, the stress at the cutout is 
almost zero. This observation implies that only when the axle group is 
close to the diaphragm, notable stress response can be generated at this 
detail. This indicates stress local effects at the cutout detail even in 
bridge longitudinal direction. Therefore, the truck loading treatment in 
Section 4.2, where only the middle-axle group is applied on the bridge 
deck, is reasonable and can be accepted in FEM analysis for stress 
investigation at the cutout detail. 

Since the LC2 is the most critical transverse loading location, Fig. 28 
plots the stress curves at various location at cutout detail under this 
transverse loading case. One can find that when the stress location is 
close to free edge, its stress level will be high; while when the stress 
location leaves away from the free edge, the peak stress will decrease 
rapidly. Hence, stress range at location 5 mm to the free edge is the 
highest of 48.8 MPa, while stress range at 15 mm drops to only 28.2 
MPa. Table 4 lists the stress ranges at specific locations based on its 
distance to free edge. The stress range differs quite a lot at different 
location, and it will drop rapidly when the stress location moves away 
from the free edge. This explains why nominal stress is difficult to be 
defined at the cutout detail. 

4.3.2. Deformation 
For the three typical transverse loading locations, Fig. 29 shows the 

cross-section deformation under wheel loads when the axle group cen-
ters at the critical longitudinal loading location. It is clear that the deck 
plate, the diaphragm and the ribs exhibit non-uniform deflection, and 
the deck plate performs as a continuous beam in transverse direction. 
The deformation of the ribs is highly dependent on its location to the 
wheel load. When the ribs offset the wheel center, they will suffer from 
distortion due to moment produced by the offset wheel load. For the 
cutout geometry, its deformation will be larger if it is directly under-
neath the wheel load, especially the upper arc of cutout. 

4.3.3. Stress distribution around cutout detail 
Fig. 30 a) shows the third principal stress contour plot around the 

cutout detail under the critical wheel loading locations both in bridge 
longitudinal and transverse direction. Significant stress concentration 
presents at the free edge of cutout with a peak stress of −102.0 MPa, 
where fatigue cracks are frequently observed on the real bridge, as 
shown in Fig. 5. 

Fig. 31 shows the stress variations with stress location away from the 
free edge of cutout. It is clear that the stress drops rapidly away from the 
free edge, and hence it is hard to define nominal stress. When the dis-
tance from free edge exceeds 5 mm, roughly the stress decreases linearly 
as a function of the distance from free edge of cutout. 

Fig. 32 shows the stress field around the cutout detail. The maximum 
principal stress is along the direction about 67.2◦ to the horizontal plane 
upward, which is tangent to the free edge at the stress concentration 
location. Reconsidering the crack mode in Fig. 5, the cracks observed on 
the real bridge agree well with the direction normal to the maximum 
principal stress obtained by FEM, which well explains the cause of cracks 
on this bridge. 

4.4. Fatigue evaluation 

According to AASHTO LRFD specifications [31], when the free edge 
of cutout detail meets the fabrication standard (i.e., the edge finish is 
below 0.025 mm), the cutout detail can be specified as the fatigue 
category A, with CAFL of 165 MPa. However, the fatigue category 
should be downgraded if the requirement is not satisfied, such as the 
category B, with a CAFL of 110 MPa. 

Both infinite-life and finite-life design are specified in AASHTO LRFD 
specifications [31], although infinite-life design is preferred for OBD due 
to huge amount of loading cycles in bridge design life [31]. If the stress 
range at cutout detail, produced by three times fatigue truck weight, is 
smaller than CAFL, infinite life will be predicted [31]. As listed in 
Table 4, the maximum stress range of cutout detail is 146.4 MPa under 
three times fatigue truck loading, which is below the CAFL of fatigue 
category A. Hence, infinite life at the cutout detail will be expected. 
However, this fatigue life do not agree with the real fatigue life of cutout 
detail on the bridge, since early cracks have already been found on the 
OBD. 

Early cracks on the diaphragm cutout may due to the frequently and 
seriously overweight trucks passing the bridge [41]. Currently, over-
weight trucks on highway are very common in China, and they are al-
ways blamed for early cracks on steel bridges. It is recognized that 
fatigue evaluation of OBD based on the fatigue truck specified in 
AASHTO LRFD may overestimate fatigue life of the OBD [42], and hence 
it will not be conservative to evaluate of fatigue performance of the OBD 
using this truck model. 

Another reason for the early cracks at the cutout detail is the finish 
condition along the free edge of cutout, i.e., the smoothness of free edge 
after flame cutting should be 0.025 mm or less. This requirement on 
fabrication should be satisfied as to guarantee that the category A can be 
applied to the cutout detail. As can be seen from Figs. 5 and 6, this 
fabrication requirement is far from reach since clear roughness can be 
identified on surface of the free edge, which will eventually decrease its 
fatigue performance at the cutout detail. 

Based on AASHTO LRFD specifications, finite-life design of fatigue at 
cutout detail should satisfy the following criterion, 
γ(Δf)≤ (ΔF)

n
=(A/N)1/3 (6) 

Where: γ = 1.0 is load factor for the fatigue load combination; (Δf) is 
force effect produced by fatigue truck, and is taken from Table 4; (ΔF)n is 
the nominal fatigue resistance. A = 8.2 × 1012(MPa3) or 3.93 ×

1012(MPa3) is a constant for fatigue category A and B, respectively; N is 
the numbers of loading cycles, and is given via Eq. (7). 

Table 4 
Maximum stress ranges.  

Distance to free edge (mm) Stress ranges (MPa) 
5 48.8 
6 44.1 
10 34.5 
13 30.2 
15 28.2  
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N = (365)(Y)n(ADTT)SL (7)  

in which Y is the fatigue life of fatigue-prone detail in years; (ADTT)SL 
represents the single-lane average daily truck traffic, which can be ob-
tained by traffic survey and statistic on existing bridges. Due to high 
traffic volume and high truck fraction in traffic flows, both traffic vol-
ume and truck proportion are chosen the upper limits, i.e., 20000 and 
20%, respectively. Further, the stress influence line is short for cutout 
detail in the transverse direction, so 4000 is estimated for (ADTT)SL, 
which is very close to the data from traffic survey on the bridge [41]. 
Additionally, three stress ranges are produced at cutout detail under the 
passage of a fatigue truck, hence n = 3.0 is taken conservatively. 

Table 5 lists the estimated fatigue life at cutout detail by various 
nominal stresses. It is very clear that the stress change greatly if the 
stress location is different. Consequently, the fatigue life at cutout detail 

is highly dependent on the selected stress location. If the stress location 
at the location 5.0 mm away from free edge is selected, the fatigue life at 
cutout detail based on fatigue category B is close to the observed fatigue 
life on the bridge, as shown in Table 5. Hence, for the cutout detail on 
this bridge, the fatigue category B and nominal stress, which is defined 
at the location 5.0 mm away from the free edge of cutout edge, are 
suggested for its fatigue life estimation. 

4.5. Influence of diaphragm thickness 

Fig. 6 indicates that the number of cracks at hanger diaphragm (12 
mm thick) is less than that at intermediate diaphragm (10 mm thick), 
this implies that the diaphragm thickness may have effects on the fatigue 
performance of cutout detail. With this consideration, this paper carries 
out FEM analysis with diaphragm thickness ranged from 10 mm to 20 

Fig. 29. Deformation under three transverse loading locations.  

Fig. 30. Maximum stress contours at cutout detail (unit: MPa).  

Fig. 31. Third principal stress along different stress locations.  
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mm. 
Under the critical loading condition, the stress contours around the 

cutout detail are shown in Fig. 30 for the intermediate diaphragm (10 
mm) and hanger diaphragm (12 mm). Compared to the 10 mm thickness 
diaphragm, the peak stress at cutout detail is clearly decreased for 12 
mm thickness diaphragm. Fig. 33 plots the variation of nominal stresses 
(5 mm away from cutout edge) at cutout detail with the diaphragm 
thicknesses. The stress at cutout detail are decreased significantly as the 
increase of diaphragm thickness. It should be noted that, once the dia-
phragm thickness increases to 14 mm, the stress range of 31.4 MPa at the 
cutout detail will be smaller than 1/3 of the CAFL (110 MPa) of category 
B, which means that infinite life can be expected. 

Therefore, one can infer that high stress range due to too thin dia-
phragm may also contribute to the early crack of the cutout detail. If 
infinite life is expected at the cutout detail, the minimum diaphragm 
thickness should not be less than 14 mm, while further thick diaphragm 
will produce lower stress. While if overweight trucks are common and 
become a serious consideration, 16 mm or even more thick diaphragm is 
suggested. 

5. Conclusions 

Based on field measurement under normal traffic flows and FEM 
analysis on an OBD bridge, the stress behavior and fatigue performance 
of the cutout detail were analyzed, and the causes of fatigue damage 

were also investigated. The following conclusions and remarks have 
been reached.  

1) Early cracks have been observed at the cutout detail, which is highly 
related to wheel path of design truck lane. The number of cracks at 
south bound is higher than the north bound, and more cracks occur 
on the intermediate diaphragms than the hanger diaphragms.  

2) Serious overweight trucks and notable high truck volume, significant 
stress concentration at cutout detail and too thin diaphragms jointly 
contribute to the early cracking of the diaphragm cutout detail.  

3) The cutout detail is under biaxial compression in both vertical and 
horizontal direction. The maximum principal stress in absolute value 
is compressive and is tangent to the free edge of cutout detail, which 
is almost normal to the observed cracks. It implies that high residual 
stress exists at the cutout detail, which may emanate from the rib-to- 
diaphragm welding process.  

4) Both in-plane and out-of-plane stress increase with height along the 
free edge of cutout, hence, the diaphragm at the lower end of rib-to- 
diaphragm weld, typically the cutout detail, may suffer most serious 
out-of-plane distortion, with a stress ratio of out-of-plane to in-plane 
component up to 49.4%.  

5) The stress range differs quite a lot at different location, and it will 
drop rapidly when the stress location moves away from the free edge 
of cutout. It is evident that nominal stress is difficult to be defined at 
the cutout detail.  

6) The agreement between the estimated fatigue life and that of the real 
bridge suggests that, fatigue evaluation of the cutout detail can be 
carried out based on fatigue category B and stress location 5.0 mm 
away from the free edge of cutout edge. 

7) If infinite life is expected at the cutout detail, the minimum dia-
phragm thickness is suggested not to be less than 14 mm. While if 
overweight trucks are common and become a serious consideration, 
16 mm or even more thick diaphragm is suggested. 
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