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different cutout geometry.

Stress distributions along the critical section of the floorbeam cutout detail of two different cutout geometries
were studied based on bridge field tests. Stress concentration at cutout detail was significant and highly depen-
dent on cutout geometry, hence nominal stress could not be applied. The existing HSS models failed to exclude
significantly nonlinear stress at original cutout detail due to their first reference points too close to free edge of
cutout, and hence they significantly underestimated fatigue life. A new HSS model, with two reference points lo-
cated respectively 1.0 t and 1.5 t away from the free edge of cutout, was suggested and validated for the two types
of cutout geometry. Because the retrofit cutout geometry increases stress at the area 0.5 t away from the free
edge, the fatigue life using various HSS models is significantly low compared to the bridge design life. It is con-
cluded that the suggested HSS model and FAT100 may be applicable to fatigue evaluation of cutout detail with

© 2021 Published by Elsevier Ltd.

1. Introduction

The orthotropic steel decks (OSDs), one of the commonly used
bridge deck system in steel bridge, are characterized by its favorite per-
formance of light weight, low structure depth, rapid construction, high
load carrying capacity and good durability. The OSDs are even popular
in long-span bridges because dead loads reduction is a paramount con-
cern to facilitate long-span crossing while to ensure structural safety.
However, bridge engineering practice indicates that various cracks are
frequently observed on fatigue-prone details on the OSDs [1], resulting
from poor detailing, lack of control on welding process and the passage
of extensively overweight trucks. Fatigue cracks on the OSDs may re-
duce the bridge structural integral, increase deck deflection, damage
the deck overlay, degrade bridge ride quality, and even threaten bridge
durability and structural safety.

Among the fatigue-prone details in the OSD, the floorbeam cutout
detail has attracted more attention in recently years due to two great
concerns link to cracks. One is that fatigue cracks were found on both
early built and newly built bridges regardless years of praxis on such
deck system; another is that some cracks at cutout detail can extend
very long on the floorbeam web. Fatigue cracks at the floorbeam cutout
have been observed on the Rio-Niteroi Bridge [2], the First Severn Cross-
ing, the West Gate Bridge [3], and the Humen Bridge [4]. The Pingsheng
Bridge, which is a self-anchored suspension bridge with main span of
350 m and was opened to traffics in the end of 2006, was reported
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with serious fatigue cracks in its OSDs, particularly at the floorbeam cut-
out detail [5]. When cracks at cutout detail were first observed by rou-
tine inspection staffs in 2013, some cracks were significantly long due
to their lack of experience to find fatigue cracks at details of the OSDs.
It suggests that this bridge has suffered from early cracking at the
floorbeam cutout detail. Meanwhile, all cracked cutout details were di-
rectly underneath the design wheel track, indicating a strong correla-
tion between the fatigue cracks and the traffic wheel loads.

In 2014, the OSDs in this bridge were then fully inspected to record
crack location, length and direction. The inspection then found 121
cracks at the cutout detail, and they all initiated at the intersection
point of the free edge of cutout with the critical section of the floorbeam
web formed by floorbeam cutout (hereafter called “critical section” in
short), and propagated upward at an incline angle around 15° to hori-
zontal plane, as shown in Fig. 1. In the next years, to monitor if those
cracks further propagate or new cracks appear at this detail, the steel
box girder was inspected every two years. Fig. 1 shows the crack pat-
terns and their development in the next years.

In recent years, the crack mechanism at the cutout detail and its
countermeasure have received considerable attention through fatigue
investigation. Generally, there are two types of method providing differ-
ent stress to evaluate fatigue performance at this detail, i.e., the nominal
stress method and the hot-spot stress (HSS) method. Connor [6] evalu-
ated the effects of various cutout geometries on stress behaviors at
fatigue-prone details based on FEM analysis. The nominal stress indi-
cated that too shallow cutout geometries generated a strong constraint
on the rib wall and in turns produced high stresses at the rib-to-
floorbeam (RF) connection, while deep cutout geometries could
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Fig. 1. Crack patterns and some development at cutout detail, a) no propagation; b) in propagation; c) arrested by stop hole; d) crack beyond stop hole; e) new crack found in 2018.

significantly weaken the floorbeam web and consequently increase the
in-plane stress at the RF weld. Based on Vierendeel truss model and FEM
analysis, Corte [7] carried out a parametric study on the effects of rib
height and rib inclination on maximum stress at free edge of cutout,
and cutout shapes were suggested for engineering application using
the OSDs. Ye [8] investigated the stress behavior at the cutout detail
based on FEM analysis, and concluded that the complex interaction be-
tween the deck plate, rib and diaphragm contributed to the high local
stress at this detail. The study suggested the suitable height of RF
weld, bottom location of bulkhead and cutout geometry, which aided
in obtaining optimal stress at cutout detail. Based on field measurement
under random traffic flow, Zhu [9] employed the nominal stress method
to evaluate the fatigue life at the cutout detail of the OSD bridge using a
steel-UHPC composite deck. Zhu [10] investigated the nominal stress at
the cutout detail through multi-level finite element models. The re-
search found that the cutout cracking was caused by a poor cutout ge-
ometry, thin diaphragms, a high truck traffic volume, and the
overloaded wheel loads, as well as the lack of control on welding pro-
cess. Deng [11] investigated the nominal stress at the cutout detail of a
composite OSD under dynamic truck loads. The FEM results show that
the composite OSD using the UHPC can effectively extend its fatigue
life by at least 60% and even eliminate the risk of fatigue cracking at
this detail.

The nominal stress method is only applicable to fatigue evaluation at
a detail where the nominal stress is clearly defined. In other words, the
nominal stress at the fatigue-prone detail will not be sensitive to the
stress location. If the stress concentration appears with a high stress gra-
dient, the nominal stress will be highly dependent on its location, which
is the case for some fatigue-prone details in the OSDs, such as the
floorbeam cutout detail, where different cutout geometries create the
different level of stress concentration at the free edge of cutout. Conse-
quently, the evaluated fatigue life may differ greatly with the stress ob-
tained at different locations, and the nominal stress method may not be

valid, as indicated in BS5400 that nominal stress should not be applied
to the OSDs [12]. As regards the cutout detail in the OSDs, the FEM anal-
yses also indicated a significant stress concentration at this location
[13,14], which is truly dependent on the employed cutout geometry in
the floorbeam web, more in detail, smaller the radius at the lower por-
tion of the RF weld, more significant stress concentration at the cutout
detail [8].

The HSS method is another frequently used approach in fatigue eval-
uation of engineering structures [15], and recently some studies have
been conducted to investigate fatigue behaviors at various details in
the OSDs. Cheng [16] carried out fatigue tests for full-scale rib-to-deck
(RD) welded joints to investigate its fatigue cracking process and failure
mechanics. They found that the HSS at the RD weld toe can be obtained
by linear extrapolation, because the linear stress distribution is justified
within the extrapolation region. Heng [17] introduced a stress concen-
tration factor defined as the ratio of the HSS to the nominal stress.
Based on the OSD model with the thickened edge U ribs, the fatigue
tests found that the HSS on the deck plate side is only 1.2 times the nom-
inal stress, although the nominal stress location is 1.5 times the thick-
ness of the deck plate. They found that the use of thickened edge U
ribs could enhance the fatigue strength of rib-to-deck joints.

Fu [18] studied the fatigue performance of RD welds with different
penetration rates through fatigue tests and FEM analyses. They esti-
mated the HHS based on the [IW two-reference-point scheme and
three-reference-point scheme. The results revealed that an increased
penetration rate can decrease the crack-propagation rate and enhance
the fatigue life. Johan [19] established a linear-elastic fracture mechan-
ics model to investigate the fatigue performance of the RD detail. They
obtained the HSS at the root of the RD detail, and used it to predicted
the fatigue life based on s crack growth rate. They predicted crack prop-
agation modes at the different stage, and considered the effects of stiff-
ness of road pavement on the HSS at the RD detail. Luo [20] carried out
model tests to investigate the fatigue performance at the welded joint



Z Zhu, J. Li, Y. Huang et al.

Journal of Constructional Steel Research 183 (2021) 106762

39.6 5%40 30 350 30 296
I I I I I [ I
. %N
2% m\ 2%
- _ AL T e DI —=
I / \D106
m,ﬂ D108
E W
| Hanger  Overtaking  Express Express Hanger
. \ ‘ lane lane Truck lane Truck lane lane Sidewalk
g | | 0984 3.5 3.75 3.75 3.75 375 0.984 3.0
= | ‘
s R1 RI6  RI9 2%
%{ TT“juuuuuuuuuu“\_/uuu M, \J\J\JL/Iiu__\J\J\JL/\J\J\J\J\JR:;
o | C i 15| Ris i
¢ 09 0] 10T
5 I I
‘ cAnndhnnnnnnnnnnndhinnng
| 339 | 13.68 339
| | 20.47 | ~
a) |
b)
Deck plate
300 150 _150__ 300
;‘;’?‘ ~Double '\“\\
RI8 7 filletweld ¢, RI?
S
2ty

—Horizontal stiffener

&

-~ Floorbeam

=
—_—

[

©)

Fig. 2. Pingsheng Bridge, a) elevation layout (Unit: m); b) cross section of steel box girder (Unit: m); ¢) OSD (Unit: mm).

between a thickened-edge U-rib and the deck plate in the OSDs. They
estimated the HHS at this detail based on the stress measured at
5 mm and 15 mm location from the weld toe, and found that the rolled
U-ribs with thickened edges may reduce the probability of fatigue
cracking at the weld toe of ribs, while it may not aid in fatigue resistance
at the weld root. Wu [21] also studied the fatigue crack of the RD detail
using linear-elastic fracture mechanics and the HSS method, and they
added a geometric correction factor to the empirical equations to im-
prove the estimation of crack propagation life.

Wang [22] investigated the fatigue resistance of two types of RF
weld using the HSS method. The tests concluded that the detail with
a vertical transition configuration showed a higher fatigue strength
than that of the circular arc transition at cope holes on the floorbeams.

Yokozeki [23] investigated the connection detail between longitudinal
ribs and floorbeams using the HSS method. The test results indicated
that the connection with a silt crossbeam lowered the fatigue perfor-
mance at this detail. Huang [24] performed full-scale fatigue tests to
investigate the crack propagation characteristics at the weld toe at
the lower end of RF weld. The results indicated that the HSS in com-
bination with FAT90 can be used to evaluate the fatigue performance
at this detail. Experimental tests and FEM analyses performed by
Cheng [25] investigated the effect of employing UHPC overlay on the
HSS at fatigue-prone details of the OSD. In their study, the cutout ge-
ometry employed a large radius at the lower end of RF weld. The re-
sults indicated a significant reduction on the HSS at the cutout detail
with a 60 mm UHPC overlay. The stress measured by strip strain
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Fig. 3. Diaphragm arrangement with respect to traffic on bridge deck.

gauges showed that for the OSDs without the UHPC overlay, the stress
distribution near the cutout detail followed a quadratic manner, and
the HSS at the cutout detail can be estimated by the IIW quadratic ex-
trapolation using the stress at location of 0.4 t, 0.9 t and 1.4 t, where ¢
is the diaphragm thickness. It was found that for the OSDs with a
UHPC overlay, the stress distribution near the cutout detail showed
a linear manner. Di [26] recorded the stress at the floorbeam cutout
in the OSDs under actual traffic flows. They estimated the HSS at
this detail with strain gauges located 5 mm and 15 mm away from
the free edge of cutout. The results showed significantly high stresses
at the cutout detail, while they did not discuss the stress difference at
the two reference points.

Although the HSS method has been applied to fatigue evaluation
of the OSD in recent years, most of studies focused on fatigue be-
havior at the RD or RF details, where the HSS is originally defined
at the weld toe. Compared to the stress distribution near the RD
or RF details, a significant stress concentration often appears at
the floorbeam cutout detail, and it is highly dependent on the cut-
out geometry [14]. It is not clear if the current code provided HSS
model can deal with different cutout geometries due to few avail-
able studies on this topic. With above considerations, this study
will investigate the application of HSS method to fatigue evaluation
of floorbeam cutout detail based on field measurement in the

E D110-N

Pingsheng Bridge, where fatigue cracks at cutout detail was ob-
served after only several years of operation.

Characterized by the realistic structural layout, connection details,
structural supports and the on-site truck passage representing normal
traffic condition, as well as truly welding process and control, the field
measurement on bridges is commonly recognized as a reasonable way
to investigate stress behaviors of bridge components and their details.
However, due to the complicate or even difficult conditions involved
in the field test, only few researchers reported their fatigue investiga-
tions of the OSD based on the stress measurement at fatigue-prone de-
tails [27-29]. Zhu [14] performed simultaneous stress monitoring at
cutout detail of two types of closely spaced cutout geometry underneath
the same design wheel track. Based on measured nominal stress, they
concluded that, compared to the cutout detail with small-radius geom-
etry, the cutout detail with large-radius geometry increased the stress
level both at the cutout detail and the detail of rib wall at cutout, and
eventually lowered the fatigue life at both the RF detail and the cutout
detail.

The present study has been carried out on a floorbeam inside the
steel box girder of the Pingsheng Bridge. After applying several
groups of strain gauges on the diaphragm web close to the cutout de-
tail, simultaneous stress monitoring was performed under the pas-
sage of random traffics. The focus of this study is to investigate
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Fig. 4. Strain gauges arrangement, a) location; b) on real bridge.
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Fig. 5. 24 h stress records at R18-W, a)-g) corresponds to gauge E1 to E7.

currently code-provided HSS models applied to fatigue evaluation of
the cutout detail, in which its stress behavior is characterized by se-
vere stress concentration and is highly dependent on the cutout ge-
ometry. Then, a HSS model is established based on the stress feature
at the area adjacent to the cutout detail. This model is capable of pro-
viding a reasonable estimation on the HSS and fatigue life for two dif-
ferent types of cutout geometry with a small or large radius at the
cutout detail.

2. Bridge layout and test setup
2.1. Bridge layout

Located in Foshan City, Guangdong Province, mainland China, the
Pingsheng Bridge is a self-anchored suspension bridge with only one
single tower and a suspended main span of 350 m. Its elevation layout
is shown in Fig. 2a). The bridge consists of two pairs of main cable,
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Fig. 6. Stress records produced by two individual truck at R18-W, a) Truck 1; b) Truck 2.

which are supported at the top of main towers and anchored at both
ends of the stiffening girder. The stiffening girder is a hybrid one with
10 continuous spans, and it is a steel box girder supported by hangers
in the main span and a prestressed concrete box girder supported by
concrete piers in the side spans. The south bound and north bound road-
ways are provided by two separated box girders. In the main span, each
steel box girder is 3.5 m high at its central line, and its out-to-out width
is 26.1 m. The top flange of the steel girder measures 20.5 m, which pro-
vides five one-way traffic lanes on the bridge deck, including the over-
taking lane, the express lane, the two truck lanes and the express lane,
from left to right as shown in Fig. 2b). The lower ends of the hangers
are connected to the stiffening girder through steel anchorage boxes,
which are welded to the hanger diaphragms with their spacing of 15
m in the bridge's longitudinal direction.

The typical steel box girder consists of three chambers formed by
two inner and two outer longitudinal diaphragms. The former is
16 mm thick and the latter is 32 mm thick, and the distance between
the two inner longitudinal diaphragms is 7.8 m. The top flange of the
box girder uses the OSDs, which consists of a deck plates, U ribs and
floorbeams of 16 mm, 10 mm and 10 mm (12 mm thick at hangers)
thick, respectively. As shown in Fig. 2¢), the rib is 280 mm high with
their center-to-center distance of 600 mm in the bridge's transverse di-
rection. The cutout geometry at the lower end of the RF weld is narrow
with a small radius of only 10 mm, and hereafter it is called the “original
cutout” in this study. Solid transverse diaphragms (or floorbeams) are
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Fig. 7. Peak stress at seven gauges produced by two individual trucks on R18-W.

placed inside the box girder at spacing of 3 m in the bridge's longitudinal
direction. A horizontal stiffener, which is 10 mm thick and 200 mm
wide, and locates 550 mm below the deck plate, is connected to the di-
aphragm web through a groove weld. A 50 mm thick asphalt overlay is
applied on the OSDs, and there is a uniform deck gradient of 2% from the
side of the central barrier to the side of sidewalk. As part of an urban ex-
pressway around the Foshan City, this bridge was built for a 100 year
service life, and was opened to traffic at the end of 2006.

2.2. Test setup

In this study, the diaphragms inside the steel box girder are num-
bered from the northern end to southern end of the steel box girder,
with the first diaphragm designated as D1, as indicated in Fig. 2a). In ad-
dition, each diaphragm has the northern and southern surfaces, which
are designated as “N” and “S”, respectively. In this way, D110-N repre-
sents the northern surface of diaphragm D110. For the longitudinal U
ribs, they are numbered from the east side (E) to the west (W) in the
bridge's transverse direction, as shown in Fig. 2b). Fig. 3 illustrates five
adjacent diaphragms D106-D110 and the traffic direction on the bridge
deck, in which D107 is the diaphragm at hangers of 12 mm thickness.

Bridge inspection indicated that more fatigue cracks appeared un-
derneath the design right wheel track in the eastern truck lane shown
in Fig. 2, more in detail, at the floorbeam cutout between Rib18 and
Rib19 (designated as R18 and R19). In this study, two groups of strain
gauge, each group having 7 gauges, were first arranged on the northern
surface of the D110 (D110-N), specifically on the western side of R18
(R18-W) and the eastern side of R19 (R19-E). The two groups of strain
gauge were symmetric to the central line of the tooth between R18 and
R19, with all gauges centered along the critical section (illustrated by
dish line), as shown in Fig. 4a). The uniaxial gauges were self-
temperature-compensation gauges with gird size of 2.8 mm (length)
x 2.0 mm (width). As shown in Fig. 4a), the gauges adjacent to the
free edges of cutout were numbered as E1 and W1, respectively, and
they centered only 1.75 mm (half width of gauge backing) from the
free edge of cutout. Other gauges were closely applied side-by-side. If
define x as the distances of gauge to the free edge of cutout, coordinates
of the seven gauges will be x = 1.75, 5.25, 8.75, 12.25, 15.75, 19.25 and
22.75 mm, respectively. Fig. 4b) shows the installed strain gauges on the
real bridge.

The data-acquisition system DH-3820 was mounted inside the box
girder and located closely to those gauges. A sampling frequency of
100 Hz was used to measure the dynamic strain response under ran-
dom traffic flows. In order to obtain strain time histories at different
locations, continuous measurement was carried out for one week, in-
cluding the weekday or weekend. The stress records were obtained
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using the Young's modulus of 206 GPa of steel (Q345qC) used for the
0SD with a yielding strength of 345 MPa and a Poisson's ratio of 0.3.

3. Fatigue evaluation of original cutout detail using HSS models
3.1. Stress time histories

Under passage of random traffic flows, stresses from the strain gauge
group on R18-W during continuous 24 h are plotted in Fig. 5. Based on
the peak stress tendency, it is clear that the trucks did not evenly pass
the bridge during a day, and the stress at cutout detail is always in com-
pression. Comparison among the seven stress time histories from seven
different locations indicates that, although their variation shares the
same trend, from gauge E1-E7, the stress level is decreased and the de-
crease is highly dependent on the gauge location. As shown in Fig. 5a),
stress level at gauge E1 is the highest, with its maximum peak stress

W — W7

W1

6506

-350

6505 6507 6508 6509

t(s)
a)

close to 250 MPa. While for gauge E2, although it is directly adjacent
to gauge E1, its stress level is sharply decreased, with its maximum
peak stress lower than 200 MPa. Meanwhile, stress level at gauge E3 is
further decreased compared to that of the gauge E2, and its maximum
peak stress is below 150 MPa. The maximum peak stress at gauge E4
is smaller than 110 MPa, with its stress level clearly lower than that of
gauge E3. The sharp decrease in stress level from gauge E1-E4 implies
that there is a high stress gradient from E1-E4, or there is a severe stress
concentration at the free edge of the cutout detail. The significantly high
stress and a severe stress concentration suggest that loading effects pro-
duced by heavily overweight trucks may contribute to the early crack at
the cutout detail. However, from gauge E4-E7, the stress level between
adjacent gauges is not so significant compared to that shown in gauge
E1-E4. Actually, the stress only shows slight difference between neigh-
boring gauges, as plotted in Fig. 5. This implies that the stress gradient
from gauge E4-E7 is significantly reduced.
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Fig. 9. Stress records from R19-E produced by two individual trucks, a)Truck 1; b) Truck 2.
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Fig. 6 plots stress records generated by two individual trucks pass-
ing the bridge during two different period of time. Although the peak
stress at gauge E1 produced by Truck 1 is slightly lower than that of
Truck 2, the two trucks generated similar stress curves at all gauges,
i.e., two clearly separated stress peaks and significantly high stress
produced by their rear axles. The possible reason behind the events
causing such significant loadings, is that heavily loaded trucks carrying
steel produces (i.e., stainless steel coils) from a steel market in one
side of the bridge to many factories on another side of the bridge.
Analogously, the peak stresses tend to decrease rapidly from E1-E4
with an increase in their distance to the free edge of cutout, while
the peak stresses only show slight decrease with a further increase
in their distance to the free edge of cutout, such as E4-E7. This agrees
well with the peak stress tendency shown in Fig. 6, and it clearly dem-
onstrates that a significant stress concentration only occurs among a
narrow area covered by gauge E1-E4, more in detail, about 10 mm,
or 1.0 t to the free edge of cutout, where t is the thickness of the
floorbeam web.

In order to clearly show the stress distribution along the critical sec-
tion, Fig. 7 plots the peak stress from the seven gauges on R18-W, pro-
duced by the rear axle of the two trucks during different time. It is
clear that the two curves share the same trend. The gauge peak stress
tends to increase when it is close to the free edge of cutout. More specif-
ically, the peak stress seems to linearly increase with the decrease in x
when x > 1.0 t, while peak stress shows nonlinear increase when x <
10t

Meanwhile, stresses from the strain gauge group on the eastern side
of R19 (R19-E) during continuous 24 h were also recorded simulta-
neously and plotted in Fig. 8. Compared to the stress records in Fig. 5,
the same traffic flow created slightly high stress level on R19-E, imply-
ing that the truck right wheel was close to R19. This may explain why
more cracks appeared at the cutout detail on R19-E. In addition, com-
parison on the stress level among W1-W?7 also exhibits a sharp decrease
in gauge W1-W4, and a slow decrease in gauge W4-W7, which agrees
well with that observed in Fig. 5.

Fig. 9 also shows the stress records produced by the same trucks as
that shown in Fig. 6. The two trucks generated slightly higher peak
stress in gauge W1 than that of gauge E1, but the stress curves exhibit
almost the same feature as that shown in Fig. 6. This means that a severe
stress concentration may also occur on R19-E, and the observed more
cracks on this side may result from its even high stress produced by
passing trucks.

Fig. 10 also plots the peak stresses of the seven gauges on R19-E,
which were produced by the rear axle of the two individual trucks. It
is clear that the two curves share the same trend. Similar to the stress
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Fig. 11. Definition of HSS on plate surface.

distribution on R18-W, gauge peak stress increases with the decrease
in x, while the peak stress shows more rapid and nonlinear increase
when x < 1.0 t. This again indicates a severe stress concentration oc-
curred close to the free edge of cutout detail.

As indicated above, a nonlinear stress gradient appears at the loca-
tion close to the free edge of cutout, more in detail, about 1.0 t from
the free edge of cutout. Hence the nominal stress among this area may
not be well defined at this detail. Although there is a suggested nominal
stress location 5 or 6 mm away from the free edge [30], for the original
cutout geometry, this location may be still in the stress highly concen-
trated area. Although the suggested nominal stress method may be ap-
plied to a specific type of cutout geometry [12], it is not clear if the
method can be used to evaluate fatigue life at cutout detail with differ-
ent cutout geometry, such as cutouts with different radius at the lower
end of RF weld.

3.2. HSS using existing models

For welded connections, the weld toes are the location where stress
raiser may present while welding defects are often incorporated, such
as weld cracks, porosities, undercuts, slag inclusions and incomplete fu-
sions, etc. Due to rapid heating and cooling in weld process, the residual
stress, which is always in tension at weld toe, would also create after
welding. As a result, fatigue cracks are frequently observed at weld
toe. The hot spot on welded structures, as indicated in Fig. 11, refers to
a weld toe on the structural surface where fatigue cracking may occur.
The HSS method was initially developed for the fatigue evaluation of
tubular- and plate-type- structures with welded steel joints of ships
and offshore structures, where there is no clearly defined nominal stress
due to complicated connections. Based on its definition, the HSS incor-
porates all stresses produced at the weld toe, except for the stress con-
tributed by the local weld profile, as shown in Fig. 11. Compared to the
nominal stress using a group of S-N curves for different connection de-
tails [31], the [IW recommendations define only two FAT categories for
HSS approach [15], i.e., the FAT90 for load carrying and the FAT100 for
non-load carrying welded details, with their S-N curves defined by

Table 1
Existing HSS models.

Code  Existing HSS models Reference point location

DNV (1) Ops = 1.5005: — 0.507 5¢ 05t 15¢t
(2)  Ops = 1875005 — 1.25015¢ + 0375055 0.5t 1.5¢t25¢
(3)  Ons= 112005 05t
W (1) Ons = 1.67004; — 0.67010¢ 04t1.0¢t
Ops = 2.5200.4¢ — 2.24009; + 0.7207 4 04109t 14t
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their fatigue strength at 2 million cycles. The only two design categories
clearly simplify the fatigue evaluation for steel structures.

Determination of the HSS is based on the stress at two or three refer-
ence points in a specific distance to the weld toe, which is normalized by
plate thickness as to account for plate thickness effects. The main con-
cern for reference points is that stress nonlinearity due to notch singu-
larity at weld toe will be excluded. The well-known extrapolation
models for the HSS suggested by DNV [31] and IIW [15] are shown in
Table 1. Based on the number of reference points, the two-point
model provides a linear calculation of the HSS, while the three-point
model yields a quadratic estimation of the HSS at the weld toe.

In Table 1, opsdenotes the HSS at the weld toe; 0y, is the surface
stress at the reference points located at away from the hot spot, in
which « is a distance factor and can be the value of 0.4, 0.5, 0.9, 1.0,
1.5 and 2.5, respectively.

Because Truck 2 produced higher stress response on R18-W, while
Truck 1 generated higher stress response on R19-E, those high peak
stresses, as shown in Figs. 7 and 10, will be used to calculate the peak
HSS at the free edge of cutout based on the existing HSS models listed
in Table 1. The fitted peak HSS from gauges on R18-W and R19-E are
plotted in Fig. 12. It shows a sharp increase in stress at the free edge of
cutout, and the stress distribution along the critical section is character-
ized by significant nonlinearity. Because the estimated HSS is higher
than the yielding stress of the steel, such high stress may not be the re-
ality and hence should not be considered in the present study.

Fig. 12 also presents the peak HSS at the free edge of cutout esti-
mated by the five existing HSS models. The DNV(3) predicts the low-
est peak HSS, while the IIW(1) provides the highest estimation. Other
models predict intermediate results, and the peak HSS from the DNV
(1) almost equals to that of [IW(2). Because the highest peak HSS is
over 50 MPa higher than the lowest one, based on relationship be-
tween fatigue life and cubic stress range per AASHTO LRFD [32], the
calculated fatigue life may differ quite a lot if the existing HSS models
are used.

3.3. Fatigue life estimation using existing HSS models

Based on simultaneous measurement at each gauge group, the HSS
time histories at the free edge of cutout can be calculated using the
five existing HSS models through extrapolation. Then, the rainflow
counting method [33] is employed to process the stress time histories,
as to obtain the stress-range histograms at the two locations. With
Miner's rule on cumulative fatigue damage [34], the effective stress
ranges Syef can be calculated as Eq. (1) [35].
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Z pav() e - = DNV(I):1.50) 5-0.50] 5,
A IWQ) 2504 -7 * DNV(2):1.8750)) 5-1.250 5.+0.3756
g DNV @ 0.501-250] 5¢ 2.5
& Iw() — DNV(3):1.126¢ 5,
-300 I .
IIW(1):1.676( 4-0.670 o
1IW(2):2.526( 4¢-2.240 9+0.726
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Fig. 13. Estimated HSS spectrum based on linear extrapolation from gauges W1 and W2.

Sreg = [ (mis3/Zmp)]? (1)
where n; and Y n;denotes the number of loading cycles under stress
range of S; and the total number of effective loading cycles. Because fa-
tigue contribution from much low stress ranges can be negligible, for
the variable-amplitude fatigue loading, the cutoff stress ranges of the
FAT90 and FAT100 are applied, and the stress ranges lower than
35 MPa are discarded, as shown in Fig. 13.

Fig. 13 plots the estimated HSS stress-range spectrum at free edge of
cutout detail on R19-E, which is obtained by linear extrapolation of
stress measured at W1 and W2 during 24 h. It is found that the calcu-
lated maximum stress range is as high as 347.1 MPa, indicating that
the free edge of cutout experienced significantly high stress. As regards
stress ranges higher than 250 MPa, their loading cycles are small during
one day. Calculation based on Eq. (1) provides the effective stress ranges
and the number of loading cycles of 110.6 MPa and 7913, respectively.
Meanwhile, the estimated fatigue life at the free edge of cutout will
only be 0.37 years for FAT90 and 0.51 years for FAT100 (see Table 2),
which is significant lower than the observed fatigue life on the real
bridge. It is noted that stresses at gauges W1 and W2 typically include
nonlinear stress compared to other gauges on the western side of W2,
as shown in Fig. 7. Consequently, if the nonlinear peak stress does not
exclude in the HSS, the obtained fatigue life may be significant low
due to the significantly overestimated HSS.

250
-100
-150 4
-200 4
- — Fitted stress by measurement
DNV(R3) 250 =" 7 — = DNV(1):1.50( 5,-0.5
DNV(1) o (1):1.56¢ 5-0.50) 5¢
IW(2) - * DNV(2):1.8756( 5-1.256) 5:+0.3750, 5,
DNV(2) -300 +
Tw(1) — DNV(Q):1.120 5¢
3504 - - - - TIW(1):1.670( 4-0.670; ¢
[IW(2):2.526() 4-2.240() o+0.726| 4
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. - - -
bt Q= ~n )
=1 —_ —— ~
x (mm)

Fig. 12. Peak HSS, a) on R18-W; b) on R19-E.
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Table 2
Estimated fatigue life based on various HSS models.
HSS models Sreff >y Y
FAT90 FAT100
DNV(1) 83.5 4476 1.53 2.10
DNV(2) 89.0 5333 1.1 15
DNV(3) 78.8 4033 20 2.8
IW(1) 90.1 5374 1.0 14
IW(2) 96.8 6330 0.7 0.9
Linear extrapolation 110.6 7913 0.37 0.51
Present model 71.9 3159 3.35 4.52
4600
45001 Srefr= 83.5MPa
4400 In; = 4476
700 Sy = 243.9 MPa
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500 D110-N
<7 400 /
300 W ¥ w3 oyl R19
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Fig. 14. Estimated HSS spectrum based on DNV/(1).

Fig. 14 shows the stress-range spectrum, the effective stress range
and number of loading cycles at the free edge of cutout, using the DNV
(1) listed in Table 1, in which the stress reference points respectively lo-
cate at 0.5 t and 1.0 t from the free edge of cutout. The calculated effec-
tive stress range is 83.5 MPa, which is significantly lower than that
extrapolated by W1 and W2 shown in Fig. 13. Meanwhile, the number
of loading cycles is also notably decreased. Using the FAT90 and
FAT100, the estimated fatigue life at the cutout detail increases to 1.53
and 2.10 years, respectively. However, the estimated fatigue life is still
substantially lower than the observed fatigue life on the real bridge. Al-
though the stress at the second reference point (1.0 t) does not clearly
show stress nonlinearity, the nonlinear stress at the first reference
point (0.4 t) can be clearly identified. Hence the calculated HSS at the
free edge of cutout may still include nonlinear stress, and the HSS may
still be overestimated, resulting in a significantly shorter fatigue life
than the observed one on the real bridge.

Table 2 lists the calculated effective stress ranges and loading cycles
based on other HSS models, i.e., DNV(2) and DNV(3), as well as IW
(1) and IIW(2), while their estimated fatigue life per FAT90 and
FAT100 are also provided. Because the first reference point of the four
models locates on the western side of gauge W2, and their distances
to the free edge of cutout is shorter than 1.0 t, the nonlinear stress is
not excluded in the measured stress. Consequently, the calculated HSS
at the free edge of cutout may also be high, and their estimated fatigue
life is significantly lower compared to the observed fatigue life on the
real bridge.

3.4. Suggested HSS models at cutout detail

As foregoing reasons, if the stress reference points locate too close to
the free edge of the cutout detail, due to the effect of nonlinear stress,
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the calculated HSS at the free edge of cutout may be significantly
overestimated, resulting in a substantially underestimated fatigue life.
Considering the measured stress at gauge E3 and its western side
gauges (shown in Fig. 5), as well as gauge W3 and its eastern side
gauges (shown in Fig. 8), their stress behave in a linear way, indicating
that the stress in the area beyond E3 or W3 is not affected by the nonlin-
ear stress emanating from significant stress concentration at the free
edge of cutout.

Following the concept of HSS method, this study presents a novel
HSS model with its stress reference points respectively located 1.0 t
and 1.5 t away from the free edge of cutout, which can be expressed as,

Ops = 3.001.0:—2.0071 5¢

2)

Compared to the existing HSS model shown in Table.1, the present
HSS model simply uses a linear extrapolation to estimate HSS stress at
the cutout detail, but the two reference points locate far from the free
edge of cutout. As a result, nonlinear peak stress can be excluded at
two reference points.

Fig. 15 plots the stress-range spectrum, the effective stress range and
number of loading cycles at the free edge of cutout based on the present
HSS model. The calculated effective stress range is 71.9 MPa, which is
13.7% lower than that determined by DNV(1), and the number of load-
ing cycles decrease to 3159. Using the FAT90 and FAT100, the estimated
fatigue life at the cutout detail increases to 3.35 and 4.52 years, respec-
tively. Because the fatigue life of 4.52 years is close to the observed fa-
tigue life on the real bridge (about five years), the present HSS model
in combination with the FAT100, may provide an acceptable estimation
on fatigue life at original cutout detail.

4. Fatigue evaluation of retrofit cutout geometry using various HSS
models

As regards the early fatigue cracking at free edge of cutout detail
shown in Fig. 1, a retrofit plan using a new cutout geometry (designated
as the retrofit cutout geometry) was put forward and tentatively ap-
plied around R15 and R16 on D106 of the Pingsheng Bridge in 2015, be-
cause the bridge authority was not sure if the new cutout geometry was
good for bridge retrofit to prevent fatigue cracking at the cutout detail.
The retrofit cutout, as shown in Fig. 16, was formed on the original cut-
out by cutting off more floorbeam web material close to the ribs. Com-
pared to the original cutout geometry shown in Fig. 2, the retrofit
cutout geometry employed an increased radius of 35 mm at the lower
end of RF weld, hence the cutout is enlarged. Such kind of retrofit may
help reduce out-of-plane distortion at the cutout detail, but may

34001
3300

500

S,5= 71.9MPa
£n;=3159
Sy = 196.3 MPa

400

D110-N
~ 300 |
= wws Wyl RI9
200 1100000 h
100
0 T T T TrTTTT T
=2 = = = =) = o o o
< =l %) S ISy F Ve & S
R S J S
Si (MPa) — — — — —

Fig. 15. HSS spectrum and effective stress range calculated by suggested model.
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Fig. 16. Retrofit cutout geometry, a) structural layout; b) on real bridge.

weaken the floorbeam web and increase in-plane stress under wheel
loads [14].

Two groups of gauges, each having seven gauges, were also respec-
tively applied on the northern surface of D106, with e1-e7 applied on
the western side of R15 (R15-W) and w1-w?7 applied on the eastern
side of R16 (R16-E), as shown in Fig. 17. It is noted that the applied
gauge area between R15 and R16 was directly underneath the designed
left wheel track, and was within the same traffic lane shown in Fig. 2.
Statistically, the tentative retrofit cutout detail could experience the
same traffic loads as the tested original cutout detail. In addition, all
gauges centered along the critical section, with their distance to the
free edge of cutout measured 1.75, 5.25, 8.75, 12.25, 15.75, 19.25 and
22.75 mm, respectively.

The recorded stress time histories at strain gauge group on R15-W
of D106 during continuous 24 h are plotted in Fig. 18. It is clear that
stresses from the seven gauges are all in compression, which is in
agreement with stress obtained on the original cutout. For the seven
gauges, the highest stress response appears at gauge el, and the stress
level first decreases rapidly and then decreases slowly with the in-
crease in distance to the free edge of cutout, which also shows the
same trend as the original cutout. Compared to large stress difference
between E1 and E2 of the original cutout, stress difference between el
and e2 is small, indicating that the stress gradient, or the stress con-
centration close to the free edge of the retrofit cutout detail is
decreased.

Fig. 19 plots stress produced by two individual trucks passing the
bridge deck during two different period of time. The two trucks gener-
ated similar stress curves at the two gauge groups. The maximum
peak stress, which was generated at gauge el, is slightly lower than

E D106-N

AR YTV
W6 W4 w2

E2 E4 E6

1.75 163 3.5 63 3.5].1.75

a)

that shown in Figs. 6 and 9, but the peak stress from gauge e7 is signif-
icantly higher than E7 on the original cutout. Consequently, the peak
stress from gauges e1-e7 does not show so rapid decrease as observed
from E1-E7 of the original cutout, indicating a reduced stress concentra-
tion along the critical section.

Fig. 20 plots the maximum peak stress at the seven gauges shown in
Fig. 17. It is clear that the two curves share the same trend, and their
stresses decrease almost linearly with the increase in their distance to
the free edge of cutout, particularly at gauge e3 and its western side
gauges. Compared to Fig. 7, although the peak stress at gauge el is
lower than gauge E1, the peak stresses at gauges e2-e7 are higher
than gauges E2-E7, hence stress distribution along the critical section
shows difference. Based on the above observation, it is clear that the ret-
rofit cutout geometry only reduced the stress at an area directly adja-
cent to the free edge of cutout, such as the area within 0.5 t to the free
edge of the cutout. Beyond this area, the stress does not decrease rap-
idly. Using the stress curves produced by Truck 1 in Fig. 7 and Truck2
in Fig. 20, Fig. 21 shows the stress ratio along critical section from the
two types of cutout geometry, in which the stress ratio of all gauges is
the normalized peak stress using the peak stress at gauge E1 or e1. Com-
pare to the original cutout, although the retrofit cutout geometry signif-
icantly reduced stress gradient along the critical section, it may increase
the stress level at the area beyond 0.5 t from the free edge of cutout. If
nominal stress 6 mm away from the free edge of cutout is employed
for cutout detail, the fatigue stress may increase at the retrofit cutout ge-
ometry. As a result, the evaluated fatigue life may be significantly low.
Such structural rehabilitation plan using the retrofit cutout geometry
would not improve the fatigue performance at the cutout detail based
on the nominal stress method [14].

Fig. 17. Strain gauges close to retrofit cutout detail, a) arrangement; b) on real bridge.
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Fig. 18. 24 h stress records at R15-E, a)-g) corresponds to gauges el to e7.

Based on the measured peak stress along the critical section,
Fig. 22 plots the calculated HSS at the free edge of cutout using the
existing HSS models and the present model. Compared to Fig. 12,
the existing models and the present model provide linear estimation
of HSS, regardless the location of reference points. This is because
the retrofit cutout geometry greatly reduces the stress concentration
at the free edge of cutout, and the sharp increase in stress at the
free edge of the original cutout characterized by nonlinear effect is
clearly disappeared. As regards the present HSS model, its estimated
HSS agrees well with various models, although its first reference

12

point to the free edge of cutout is relatively far compared to that in
the existing HSS models.

With simultaneous stress records at each gauge group, stress time
histories at reference points can be obtained through interpolation.
Then the HSS time histories at the free edge of cutout can be determined
using various HSS models. The HSS level at R15-W is slightly higher than
that at R16-E, and fatigue life estimation also indicates a lower life at
R15-W. Hence, stress from R15-W will be presented in the following.

Fig. 23 illustrates the stress-range spectrum, the effective stress
range and number of loading cycles using the DNV(1) model and the
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Fig. 19. Stress records produced by two individual trucks on R15-W, a) Truck 1; b) Truck 2.
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Fig. 21. Stress ratio along critical section of floorbeam considering two types of cutout
geometry.

present HSS model. The effective stress range and loading cycles is
82.8 MPa and 3915 based on DNV(1), which is slightly lower than that
estimated at R18-W in Fig. 14. Using the FAT100, the estimated fatigue
life at the cutout detail is 2.5 years, as shown in Table 3. As regards the
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Fig. 22. Peak HSS on R15-W from various HSS models.

Fig. 23. HSS spectrum estimated at R15-W, a) by DNV(1);
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present HSS model, the effective stress range and number of loading cy-
cles are respectively 79.0 MPa and 3474, which is higher than that of the
original cutout. The possible reason is that although the measured stress
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Table 3

Estimated fatigue life based on HSS at R15-W.
HSS models Srefr >y Y

(FAT100)

DNV(1) 82.8 3915 2.5
DNV/(2) 84.6 4176 2.2
DNV(3) 81.9 3755 2.7
w(1) 84.7 4216 2.1
w(2) 86.9 4543 1.8
Present model 79.0 3474 3.2

level at gauge el is slightly lower than the stress level at gauge W1, the
stress level from gauges e2-e7 are higher than gauges W2-W?7 due to
rapid decrease in stress on R19-E. Because the present HSS model uses
the reference points located beyond gauge e2, the estimated HSS level
at the retrofit cutout detail will be certainly higher than that at the orig-
inal cutout. Table 3 lists the estimated fatigue life at R15-W using the
HSS models, including the present model. It is clear that the estimated
fatigue life are close to each other, suggesting that the present HSS
model can also be applied to cutout detail with a large radius at the
lower end of RF weld.

Using the present HSS model with FAT100, the estimated fatigue life
at the retrofit cutout detail is only 3.2 years. It is significantly shorter
than the remaining life of the bridge, and it is also shorter than the fatigue
life of the original cutout detail. Hence the retrofit cutout geometry will
not improve fatigue performance of the cutout detail on the real bridge.

5. Conclusions and remarks

Based on simultaneous stress measurement along the critical section
of floorbeam cutout under random traffic flow, applicability of the
existing HSS models to cutout detail is investigated for the original cut-
out geometry. Then a new HSS model is presented and validated for
both the original cutout and the retrofit cutout geometry. The following
conclusions and remarks can be made.

1) Close to the free edge of cutout, the original cutout geometry pre-
sented significantly nonlinear stress and a high stress gradient
along the critical section due to its smaller radius at cutout, while
the retrofit cutout geometry with a larger radius almost eliminated
significantly nonlinear stress and hence reduced the stress gradient.
Meanwhile, the retrofit cutout geometry decreased the stress at the
area adjacent to free edge of cutout detail, but it increased the stress
beyond 0.5 t along the critical section.

For the original cutout detail, the existing HSS models estimated sig-
nificantly shorter fatigue life than that observed on the real bridge
due to their first reference points located too close to the free edge
of cutout. Because the nonlinear stress is not excluded in the models,
overestimated HSS at the cutout detail would occur.

A new HSS model was presented with its two reference points lo-
cated respectively 1.0 t and 1.5 t away from the free edge of cutout.
The model can exclude nonlinear stress in the estimated HSS, and
the evaluated fatigue life at the original cutout detail using FAT100
agrees well with the observed life on the real bridge. The estimated
fatigue life at the retrofit cutout detail also agrees well with the
existing HSS models. Hence, the presnt HSS model and FAT100
may be applicable to fatigue evaluation of floorbeam cutout detail
with different cutout geometry.

Under random traffic flows, a high-level of effective stress range and
huge amount of loading cycles are generated at the retrofit cutout
detail within test period, and the estimated fatigue life using the var-
ious HSS models is less than 3.2 years. Hence the retrofit cutout ge-
ometry cannot improve fatigue performance of the cutout detail,
and it will not be suggested to retrofit the cutout cracking on the
Pingsheng Bridge.
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