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A B S T R A C T   

To clarify the stress behaviors at a rib-to-deck (RD) double-sided weld detail, controlled truck loading tests were 
first performed on a newly built long-span cable-stayed bridge with orthotropic steel decks (OSDs). A specifically 
designed truck loading scheme were employed to simultaneously obtain stress records at the outside weld of the 
RD detail. A solid FEM panel model was established to determine the stress at the RD double-sided weld detail. It 
was found that the stress at the detail under wheel loads was dominated by significant local effects, where the 
apparent stress at the details was produced if their distances to the wheel center were not larger than the rib 
spacing in the bridge transverse direction or the floorbeam spacing in the bridge longitudinal direction. In 
addition, each axle could produce an individual stress cycle only when the detail was underneath the deck plate 
covered by the wheel load distribution width. The FEM results indicated that among the three typically trans-
verse loading locations, the riding-rib-wall loading was the most critical, and generated the highest stress range 
at the RD double-sided weld detail. The stress range at the outside weld of the detail was higher than that of the 
inner weld, hence stress measurements outside the detail could conservatively be used for evaluating the fatigue 
of existing OSD bridges that use the RD double-sided weld detail. The results also provided strong support for the 
FEM analysis of the OSD using a panel model loaded with a one-sided twin axle.   

1. Introduction 

It is well known that the ratio of the dead load to all the design loads 
gradually increases with an increase in the main span of a bridge. To 
facilitate the construction of bridges with longer spans, it is paramount 
to reduce the structural dead loads as much as possible, which directly 
aids in improving the structural efficiency. Orthotropic steel decks 
(OSDs) are welded structures consisting of deck plates, longitudinal ribs, 
and floor beams. These are commonly recognized as a lightweight 
structural system with a high load-carrying capacity, ductility, good 
shop fabrication control, and expedient construction. Owing to their 
distinct advantages, OSDs have been widely used in the construction or 
retrofitting of bridges with various structural forms and different span 
lengths, particularly long-span cable-stayed bridges and suspension 
bridges [1]. 

Engineering practice indicates that it is the fatigue limit state rather 
than the load-carrying capacity that controls the design of an OSD. There 
are growing concerns regarding fatigue cracking at the details of an OSD 

because of its complicated connections, large number of welds, and 
weld-induced flaws. Fatigue cracks have appeared at some details of 
OSDs after years of service [2], more frequently on older bridges with 
thin deck plates [3]. Fatigue cracks typically appear in the rib-to-deck 
detail (RD), rib-to-floorbeam (RF) detail, cutout detail, and rib slice 
[4,5]. Because the deck plate is directly subjected to wheel loads and 
high stress, with an RD detail experiencing millions of loading cycles 
during its service life, fatigue cracking can easily occur if the detail is 
poorly designed, ill-fabricated, or heavily overloaded [2]. 

For traditionally designed OSDs using close ribs, the RD detail can 
only be fabricated with a single outside grooved weld. As shown in 
Fig. 1, four types of cracks may appear on the single-sided RD welds. 
Crack types 1 and 2 initiate at the weld toe and propagate along the deck 
plate thickness or rib wall thickness, respectively. Because such cracks 
appear on the outer surface of the RD detail, they can be easily found 
during a bridge inspection. However, if full penetration is not employed 
in the RD detail, this single-sided grooved weld creates a notch at the 
weld root, which is highly dependent on the amount of weld penetration 
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and the gap size between the rib leg and deck plate. Under wheel loads, 
the notch presents a severe stress concentration and hence fatigue cracks 
may initiate at the RD weld root, as the crack types 3 and 4 shown in 
Fig. 1. The former may propagate through the weld throat, and may only 
be found after the weld is completely cracked, while the latter may 
propagate through the deck plate thickness until it reaches the top 
surface of the deck plate, which is invisible to human-eye inspection at 
the early propagation stage. Because such through-thickness cracks will 
lower the deck plate stiffness and damage the structural integrity, 
overlay debonding and cracking will then appear on the roadway. 
Consequently, rainwater may leak into the OSD, which may threaten the 
bridge’s serviceability or even present serious social and economic 
concerns for public transportation systems. 

It was found that increasing the amount of weld penetration could 
decrease the local stress-intensity factor at the weld root [6] and prevent 
root-to-throat fatigue cracks [7], which could help enhance the fatigue 
performance of the RD detail. It has been reported that if an 80% weld 
penetration rate is guaranteed and fatigue cracking still occurs, it will 
appear at the weld toe rather than at the weld root [8]. It has also been 
reported that a 100% weld penetration rate produces a slightly lower 
fatigue resistance than a shallower weld penetration rate such as 80% 
[9]. However, weld melt-through may occur at a 100% weld penetration 
rate, which may facilitate the crack initiation under fatigue loads; hence, 
the RD detail will also have a slightly lower fatigue strength than at the 
80% weld penetration rate [10]. Therefore, various specifications 
require a minimum weld penetration rate of 75% or 80% in the RD detail 
[11–13]. However, this minimum requirement may not always be 
guaranteed because of the complicated welding procedure. Hence, RD 
details with different weld penetration rates may present different crack 
modes, with some reported cracks appearing at the weld toe [14], other 
cracks occurring at the weld root [15], and some mix results reported at 
the RD detail [9,16]. 

The RD double-sided weld joint, in which a fillet weld was added to 
the inner side of the RD weld connection, was recently developed for the 
fabrication of the OSD in bridge engineering. Its weld profile can be 
partial or full penetration (Fig. 2). Compared to the RD single-sided weld 
joint, the inner and outside welds at the RD double-sided weld joint 
provide a stronger connection between the deck plate and the rib wall. 
The double-sided weld joint tends to improve the fatigue resistance of 
the RD detail by increasing the weld depth and reducing weld defects, 
out-of-plane deformation, and particularly the stress concentration [17]. 
Consequently, the stress concentration and stress-intensity factor (SIF) 
at the weld root may be reduced. 

The double-sided weld technology for the RD detail has been 
employed in the construction of several long-span bridges in China, 
including the Zhuankou Yangtze Highway Bridge [18] and the Shishou 
Yangtze River Bridge [19], although few studies have been carried out 
on their stress behavior and fatigue performance. Zhang [20] investi-
gated the fatigue crack propagation behavior of the RD double-sided 
weld detail using the finite element method (FEM) and fracture me-
chanics and found that the fatigue crack propagation was a mode I- 
dominated mixed mode. They further studied the fatigue failure mode of 
this RD detail with cracks initiated at the weld root, and found that an 
increase in the weld penetration rate could significantly decrease the 
equivalent structural stress range. Meanwhile, if the weld penetration 
rate exceeded 75%, the stress range at the weld root was still lower, and 
the fatigue performance at the RD double-sided weld detail was 
controlled by the fatigue failure mode, with cracks initiated at the weld 
toe. Luo [21] evaluated the notch stress at this detail through FEM 
modeling and found that the maximum notch stress range at an RD 
double-sided weld detail decreased by 19.1% compared to that at an RD 
single-sided weld detail. It was also found that the effects of the weld 
penetration rate on the fatigue performance were not as significant as 
those for the RD single-sided weld detail. Based on an FEM analysis, Liu 
[22] investigated the SIF at the crack tip of RD single-sided and double- 
sided weld details, and found that the SIF at the tip of the RD double- 
sided weld detail was significantly lower than that of the single-sided 
weld detail. Hence, the fatigue performance of the RD double-sided 
weld detail was improved. 

Compared to the extensively studied traditional RD single-sided weld 
detail for an OSD, as introduced above, there are limited reports on the 
RD double-sided weld detail. Due to rapid application of this detail to 
several bridge projects, serval tests have been carried out to compared 
its fatigue resistance with the RD single-sided weld detail. You [23] 
incorporated the RD single- and double-sided weld details in the same 
fatigue models, which consisted of only one or two ribs in transverse 
direction and was only 400 mm in longitudinal direction. The test under 
cyclic loading found that the RD double-sided weld detail provided a 
significant higher fatigue life than that of the RD single-sided weld 
detail. Based on the Shenzhen-Zhongshan Link Project, Zhang [24] 
tested full scale OSD models fabricated with RD single- or double-sided 
weld detail. The study indicated that the RD double-sided weld detail 
also presented high fatigue resistance than that of the RD single-sided 
weld detail, and the fatigue cracking mode switched from cracking at 
weld root of the RD single-sided weld detail, to cracking at inner weld 
toe of the RD double-sided weld detail. Zhang [25] used the FEM-based 
equivalent structural stress method to further investigate the fatigue 
performance of the RD double-sided weld detail. They concluded that 
the fatigue failure is dominated by weld toe cracking when the welding 
penetration rate is higher than 75%, and an increase in weld size would 
improve the fatigue resistance of weld toe cracking. 

The RD double-sided weld detail is considered as an innovative 
technology in China, and more and more newly designed bridges 
employ this detail. Compared to its widespread engineering practice, 
above-mentioned few studies were only limited on fatigue performance 
through model tests or FEM analysis, and hence they were not enough to 
cover maintain and evaluation of existing bridge using the innovative 
RD weld detail. Meanwhile, the stress behavior at the RD double-sided 

Fig. 1. Crack types of RD single-sided weld detail.  

Fig. 2. Profile of RD double-sided weld detail with full penetration.  
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weld detail, particularly at the inner side fillet weld in comparison with 
outer side weld detail, is not clear under the passage of trucks, which 
will be a major concern for bridge engineering but can be effectively 
addressed based on actual bridge measurement and FEM analysis. 

Because of their ability to truly represent the structure, connection 
details, and welding procedures for a real bridge, as well as the weight 
and configuration of trucks, field tests such as controlled truck loading 
[8] and field monitoring under random traffic flow [26] are commonly 
recognized as the most realistic and effective way to investigate the 

stress behavior at the fatigue critical details of an OSD. In this study, the 
stress at an RD double-sided weld detail of an OSD was investigated 
through on-site controlled truck loading tests and FEM analyses. Then, 
the stress behaviors of details at different transverse locations were 
compared with each other under various transverse wheel loads. It 
should be noted that the fatigue evaluation of the RD double-sided weld 
detail will not be the focus of this study. 

Fig. 3. Elevation layout of Shishou Yangtze River Bridge (Unit: m).  

Fig. 4. Typical structural layout (Unit: mm): (a) steel box girder; (b) RD double-sided weld; (c) RD double-sided weld.  
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2. Brief information and OSD layout of test bridge 

The Shishou Yangtze River Bridge, which is located in Shishou City, 
Hubei Province, mainland China, is a hybrid girder cable-stayed bridge 
with a main span of 820 m over the Yangtze River, as shown in Fig. 3. 
The bridge’s main girder on the northern side span is a concrete box 
girder with a Pasco-Kennewick (PK) cross section, while the central and 
southern side spans use a steel box girder with the same PK cross- 
sectional profile. Fig. 4 (a) shows a typical cross section of the steel 
box girder. The out-to-out deck width is 36.5 m, which provides two- 
way transportation with each side consisting of three 3.75 m wide 
traffic lanes and a 3.75 m wide shoulder. The height of the box girder at 
its central line is 3.8 m, with a uniform deck gradient from its central line 
to the side of 2%, and a 70 mm thick asphalt overlay on top of the OSD. 
The bridge was ranked as the eighth longest cable-stayed bridge 
worldwide when it was opened to traffic in October 2019 and was 
designed to have a 100-year service life. 

The typical layout of the OSD consists of a deck plate, ribs, and 
floorbeams with thicknesses of 16 mm, 8 mm, and 20 mm, respectively. 
The rib center-to-center spacing is 600 mm, and the floorbeam spacing is 
3 m. A floorbeam cutout geometry, with a moderate radius of 34 mm at 
the lowest portion of the RF weld and a large radius of 115 mm at the 
bottom corner, was employed to allow the continuous passage of the ribs 
through the floorbeam web, as shown in Fig. 4 (b). Note that inside the 
ribs at their intersection with the floor beam, no stiffeners or internal 
bulkheads are utilized. The RD double-sided weld, which is designed 
and fabricated as a full penetration one, consists of a single-bevel-groove 
weld with a minimum penetration of 80% at its outside weld, combined 
with a fillet weld at the inner side of the close ribs. The as-built RD 
double-sided weld is shown in Fig. 4 (c). In addition, double-bevel- 
groove full-penetration welds are applied to the RF connection. The 
OSD is built using the type of bridge structural steel (Q345qD) in China 
with yield strength of 345 MPa. 

3. Controlled truck loading tests 

3.1. Test setup 

In longitudinal direction of the bridge, the measured RD details are 
located midway between the second and third floorbeam (N2 and N3) at 
the northern side of the main span center, i.e., the gauge location is at 
rib-span center, with 1.5 m to N2 or N3, as shown in Fig. 5. This lon-
gitudinal section may not be the most critical location for an RD detail 
under the passage of trucks, but allowed a direct comparison between 
stresses that were simultaneously measured with different gauges in the 
bridge’s transverse direction. 

The south-bound deck was instrumented for controlled truck 
loading. Because the inner side welds of the RD detail were enclosed by 
the ribs and were inaccessible from the outside in the field tests, the 
strain gauges were only applied to the outside welds of the RD details, 
specifically the details around R11(short for the eleventh rib numbered 
from west (W) to east (E), etc.), R12, and R13, as shown in Fig. 6. The 
strain gauges C4A-06-125SL-120-23P were self-temperature- 
compensation gauges with a grid size of 3.2 mm in length and 2.54 
mm in width. Based on the nominal stress method, all the gauges were 
centered 6 mm away from the weld toes [27]. Fig. 6 (b) shows the 

Fig. 5. Truck loading scenario in bridge longitudinal direction (Unit: m).  

Fig. 6. Strain gauges: (a) arrangement; (b) on real bridge.  

Fig. 7. Loading truck information (Unit: mm).  
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gauges applied at an RD detail of the real bridge. The gauges were then 
connected to a DH3820 data acquisition system, which was mounted 
inside the box girder and was close to the test section. 

3.2. Truck loading scheme 

The present test was conducted on August 30, 2019, on the Shishou 
Yangtze River Bridge. The weather forecast indicated a partly cloudy 
day, with minimum and maximum temperatures of 21 ◦C and 33 ◦C, 
respectively, and a gentle northeast wind at the bridge site.  

1) Loading truck information 

The loading truck for the on-site test was a Dongfeng-153 truck with 
three axles. The axle spacing and wheel spacing are shown in Fig. 7. The 
distance between the front and rear axles was 3.8 m, which was larger 
than the floorbeam spacing (3 m). Because the spacing between the 
middle and rear axles was only 1.4 m, which was significantly shorter 
than the floorbeam spacing, they could be recognized as a twin axle 
group. The truck weighed 30.15 t. Table 1 lists the weight of each axle 
and its individual wheels. Only a slight weight difference was observed 
between the left and right wheels.  

2) Loading schemes 

The controlled truck loading tests consisted of truck crawl and truck 
dynamic tests. In the crawl test, the truck moved slowly at a speed of 
approximately 2 km/h, with the left wheel of the rear axle centered at 
and passing the specified location. In order to obtained stress response at 
RD details at different transverse location, which can reflect the effects 
of their distance to the wheel center, loading cases LC1-LC5 are arranged 
and illustrated in Fig. 8 (a). They were considered the most critical 
transverse loading cases for the RD detail [2], and loading case LC1 was 
used for both the crawl test and dynamic test. It can be seen that cases 
LC3–LC5 gradually became farther away from R12. Fig. 8 (b) shows the 
truck wheel position on the bridge deck for LC1. 

The crawl tests were carried out under the passage of truck with a 
very low velocity of about 2 km/h. Since the truck moved so slowly, 
dynamic loading effects was assumed to be negligible [28]. In the crawl 
tests, loading truck headed south in the longitudinal direction of the 
bridge, with its rear axle directly centered at floorbeam N3 and the left 
wheel centered at the specified location shown in Fig. 8 (a). Then, the 
truck engine was turned off, followed by the initiation of the data 
acquisition system. Next, the truck engine was turned on, and was 

allowed to move slowly to the south, while the data acquisition system 
obtained measurements. Subsequently, the truck passed the instru-
mented RD detail, went straight to a position that was not less than 50 m 
away from the test section, and finally stopped. Because the truck speed 
was very slow, the sampling frequency was set to 10 Hz. 

The dynamic test was designed to capture the impact effects of truck 
loading on the stress at RD detail, with a truck speed of approximately 
40 km/h [28]. In this test, the test truck also headed south with its front 
axle 100 m away from the test section, as shown in Fig. 5. First, the data 
acquisition system was initiated and then began sampling. The truck 
moved to the south and passed the instrumented RD detail, directly 
reached a position that was over 100 m from the test section, and finally 
stopped. With this moderate truck speed, the sampling frequency was 
changed to 100 Hz, and the dynamic effect of the truck loading had to be 
considered. 

3.3. Results of truck loading tests 

Considering the tire contact area shown in Fig. 7, the load distribu-
tion function of an asphalt wearing surface with a thickness of 70 mm, 
and a load dispersal angle of 45◦ to the vertical, the wheel load distri-
bution width on the deck plate in the transverse direction of the bridge 
increased to 640 mm, which was slightly larger than the rib center-to- 
center spacing (600 mm), as shown in Fig. 9. Hence, the wheel loads 
on the top surface of the deck plate would cover an area of 340 mm ×
640 mm for both the middle and rear axles, and it was clear that this 
coverage scale was wider than the rib center-to-center spacing in the 
bridge transverse direction. 

Because no strain gauges were installed at the inner side of the RD 
detail, the results discussed in this section are based on the stress 
simultaneously measured at the outside weld of the test RD double-sided 
weld detail.  

1) Loading case LC1  
(1) Crawl test 

The crawl test was specifically designed to measure the stress at the 
RD detail after gradually unloading the truck from the test section, and 

Table 1 
Weight information of loading truck.  

Front axle (t) Middle axle (t) Rear axle (t) 

7.21 11.24 11.70 
Left 

wheel 
Right 
wheel 

Left 
wheel 

Right 
wheel 

Left 
wheel 

Right 
wheel 

3.43 3.78 5.45 5.79 6.03 5.67  

Fig. 8. Truck loading: (a) loading cases; (b) wheel positioning.  

Fig. 9. Wheel load distribution width in bridge transverse direction 
(Unit: mm). 
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to obtain the stress ranges at different locations after data processing. 
Such a loading regime could help position the truck wheel more accu-
rately at the specific loading location. 

Fig. 10 (a) presents the stress time histories at the deck plate side of 
the RD detail (RD-D) after the truck started at floorbeam N3, passed the 
RD detail, and finally traveled to the south. Based on the axle spacing 
between the middle and rear axles, as well as the time interval indicated 
at gauge 1–7, the estimated truck traveling speed was 1.9 km/h. It was 
certainly very slow, as desired. 

It should be noted that for this specifically designed crawl test, the 
first recorded stress time histories, as shown in Fig. 10 (a), were not the 
actual stress responses at the RD detail. When the data acquisition sys-
tem was initiated, all the channels were cleared to zero, but the truck 
had already placed a load on the details. Hence, the recorded stress time 
histories were the stress responses at the RD detail during the truck 
unloading. Hereafter, these are called the gauge records. It can be un-
derstood that after the truck traveled away from the detail, the stress at 
the measured details gradually became smaller, and eventually became 
negligible when the truck was far away from the test section. As shown 
in Fig. 10 (a), when t > 12 s, the gauge records are steady and smooth, 
which means that the truck was already far away from the gauges, and 
the test section was completely unloaded. With this consideration, the 
gauge records at t = 12 s were treated as constants, and the actual stress 
time histories at the RD details were obtained by subtracting these 
constants from their gauge records. Hence, the gauge records after t =
12 s would be zero because of the absence of loading effects. Fig. 10 (b) 
plots the actual stress records at RD-D after data processing. 

To understand the stress time histories in Fig. 10 (b), the curves can 
be read from right to left, imagining the truck backing from the south to 
the north, with the rear and middle axles subsequently passing the test 
section, and eventually stopping at a position centered on floorbeam N3, 
as shown in Fig. 5. Because the middle axle’s weight was very close to 
that of the rear axle, these axles produced almost equal stress peaks in 
Fig. 10 (b), which validated the effectiveness of the crawl test. 

Gauge 1–7 on the deck plate side, which was directly underneath the 
wheel center, produced the maximum stress response, with a peak 
tensile stress of 6.8 MPa and maximum compressive stress of 48.8 MPa. 
The stress responses at gauges 1–5 and 1–9 were less than that at 1–7, 
with a further decrease at 1–3. The stress records from gauges 1–1 and 
1–11 were very small and negligible. The stress ranges at gauges 1–7, 
1–5, 1–9, 1–3, 1–11 and 1–1, calculated using the maximum stress 
subtracted by the minimum stress on the stress curves, were 55.6 MPa, 
28.8 MPa, 18.7 MPa, 13.4 MPa, 3.4 MPa, and 1.7 MPa, respectively, as 
shown in Fig. 11. The abscissa in Fig. 11 is defined as the gauge distance 

to the wheel center and is positive if the gauge is on the west side of the 
wheel center. It is clear that the stress range at the RD detail decreases 
with the increase of its distance to the wheel center, and when the dis-
tance of RD detail to the wheel center is beyond one rib spacing (0.6 m), 
the stress range at this detail will be low. 

Fig. 10. Stress records at RD-D under LC1: (a) gauge records; (b) actual stress.  

Fig. 11. Stress ranges at RD detail under LC1.  

Fig. 12. Stress records at RD-R under LC1.  
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Because of the space limitations of this paper, hereafter, the gauge 
records at the RD detail will no longer be presented. Fig. 12 shows the 
actual stress time histories at the rib wall side of the RD (RD-R). The 
stress at gauge 1–10 is the highest, with a stress range of 35.6 MPa. The 
stresses at gauges 1–6 and 1–12 are slightly low, with stress ranges of 
21.6 MPa and 16.3 MPa, respectively. Although gauge 1–8 was directly 
underneath the wheel center, its stress response was as low as that of 
gauge 1–4, while truck loading produced negligible stress on gauge 1–2. 

As observed in this loading case, when the RD detail was close to the 
wheel center, the stress at the detail will was large. However, if it was far 
from the wheel center, its stress was small. In more detail, if the distance 
to the wheel center exceeded the spacing between ribs (0.6 m), the stress 
ranges at those details were low. Hence, the RD detail showed significant 
local stress effects under wheel loading.  

(2) Dynamic test 

In the dynamic test, the left wheel was required to exactly pass the 
same transverse location as in the crawl test. It was carried out to obtain 
full stress curves and investigate the dynamic effects at the RD detail 
under the passage of a truck with moderate speed. 

The stress time histories at the RD detail in the dynamic test are 
plotted in Fig. 13. For the RD-D directly underneath the wheel center, 
gauge 1–7 produced the maximum stress out of all the gauges on the 
deck plate side. It agreed well with the results from the crawl tests. In 
addition, three individual compression peaks were clearly identified at 
gauges 1–5, 1–7, and 1–9. Referring to Fig. 9, it is clear that these gauges 
were covered by the wheel load distribution width on the deck plate in 
the bridge transverse direction. The three peaks at gauge 1–7 corre-
sponded to the front, middle, and rear axles of the truck, as shown in 
Fig. 13 (a). Based on the distance between the front and middle axles, 
and their time passing the detail, the calculated truck speed was 41.8 
km/h, which was very close to the desired truck travel speed of 40 km/h. 

The stress curves from the dynamic tests, and particularly the peaks 
produced by the middle and rear axles (from 1.05 s to 1.5 s), look very 
similar to the stress records from the crawl test. The peak tensile and 
compressive stresses at gauge 1–7 were 9.5 MPa and 48.2 MPa, 
respectively, resulting in a stress range at gauge 1–7 of 57.7 MPa, which 
was slightly higher than the stress range of 55.6 MPa in the crawl test. 
The stress ranges at gauges 1–1, 1–3, 1–5, 1–9, and 1–11 were 2.6 MPa, 
13.4 MPa, 30.5 MPa, 21.0 MPa, and 3.6 MPa, respectively, which were 
also very close to the results from the crawl tests, as plotted in Fig. 10. 

For the stress at the rib wall side, Fig. 13 (b) shows that the maximum 
stress range did not appear at gauge 1–8, which was directly underneath 
the wheel center. Instead, gauge 1–10, which was on the closest RD 
detail on the neighboring rib, generated the highest stress range of 37.4 

MPa, which also agreed well with the results from the crawl test. The 
stress range at gauge 1–8 was only 10.4 MPa, which was significantly 
lower than that of gauge 1–10. In addition, the stress ranges at gauges 
1–2, 1–4, 1–6, and 1–12 were 5.3 MPa, 12.4 MPa, 23.4 MPa, and 16.7 
MPa, respectively. Fig. 11 compares the stress ranges of all the gauges 
between the dynamic and crawl tests. The agreement indicates that the 
present crawl test method was successful in obtaining the stress response 
of the RD detail. 

Fig. 13 also confirms that when the distance from the RD detail to the 
wheel center did not exceed the rib spacing, high stress was produced at 
that detail, whereas if the distance exceeded the rib spacing, the stress 
response at the detail was low. 

Based on the measured stress ranges from both the crawl test and 
dynamic test, the dynamic load allowance, which reflects the dynamic 
loading effects on the OSD, can be defined as follows: 

μ = 1+
σ′

r − σr

σr
(1)  

where μ is the dynamic load allowance; and σr
′ and σr are the stress 

ranges in the crawl and dynamic tests, respectively. 
Fig. 14 plots the dynamic load allowance at both the deck plate side 

and rib wall side of the RD detail. Because of the very small stress range 
at the rib wall side directly underneath the wheel center (x = 0 m), as 
well as the small stress range when x = 0.9 m, their dynamic load 
allowance is not provided. The maximum and minimum dynamic load 
allowance were 1.09 and 1.0, respectively, with an average value of 
1.05, which was lower than the value of 1.15 provided in AASHTO LRFD 

Fig. 13. Stress records at RD detail in dynamic test: (a) deck plate side; (b) rib wall side.  

Fig. 14. Dynamic load allowance at RD detail.  
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[11]. It suggests that the dynamic load allowance specified in AASHTO 
LRFD may be conservative based on stress measurement at the RD detail. 
However, the dynamic load allowance could be affected by many factors 
such as the bridge vibration frequency, road surface condition, and truck 
speed. It was reported that dynamic modulus of the asphalt overlay in-
creases with the loading rate [29], hence its stiffness contribution to the 
deck system will increase with the increase of the truck speed. Hereafter, 
the measured dynamic load allowance of 1.05 was used in the FEM 
analysis. 

Because individual stress peaks could be clearly identified at gauge 
1–7, the stress influence line in the bridge longitudinal direction could 
be estimated. Based on the estimated truck speed of 41.8 km/h, the 
calculated length of the stress influence line ahead of the stress peak, 
produced by the front axle, as shown in Fig. 13 (a), was approximately 
1.5 m. This meant that the apparent stress response could only be pro-
duced at gauge 1–7 when the front axle crossed the floorbeam and 
loaded the instrumented rib span. For the stress records generated by the 
rear axle, the time corresponding to its peak stress in Fig. 13 (a) was t1 =

1.12 s, and its negligible loading effects started at t2 = 1.24 s. Conse-
quently, the estimated length of the stress influence line after the stress 
peak produced by the rear axle also equaled 1.5 m, which implied that 
the apparent stress could only be produced when the rear axle loaded the 
instrumented rib span. When the rear axle crossed the floor beam and 

moved away from the instrumented rib span, the stress could be negli-
gible. Hence, the length of the stress influence line at the RD detail was 
equal to the floorbeam spacing in the longitudinal direction of the 
bridge.  

2) Loading case LC2 

Fig. 15 shows the actual stress time histories measured at the RD 
details in the crawl tests. The stress curve for gauge 1–5, which was 
directly underneath the wheel center, shows the highest response under 
wheel loads. The stress range at gauge 1–5 is 44.1 MPa, while the 
stresses at gauges 1–3 and 1–7 are slightly lower than that at gauge 1–5, 
but these three stress curves are all characterized by clearly separated 
individual peaks. The stress ranges at gauges 1–3, 1–7, and 1–9 are 33.5 
MPa, 20.9 MPa, and 12.9 MPa, respectively, while the stress ranges at 
gauges 1–1 and 1–11 are very small. 

As shown in Fig. 15 (b), high stress responses appear at gauges 1–4, 
1–6, and 1–8, with stress ranges of 36.3 MPa, 31.2 MPa, and 15.9 MPa, 
respectively, while very low stress appears at gauge 1–12 because of its 
large distance from the wheel center. A comparison of the stress ranges 
obtained at different locations confirmed that if the distance from the RD 
detail to the wheel center exceeded the rib spacing, the stress response at 
that detail was low. 

Fig. 15. Stress records at RD detail under LC2: (a) deck plate side; (b) rib wall side.  

Fig. 16. Stress records at RD detail under LC3: (a) deck plate side; (b) rib wall side.  
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3) Loading case LC3 

The wheel loads then moved to the east side and centered on the RD 
detail on the west side of R13. The stress responses at the RD details in 
the crawl tests are shown in Fig. 16. High stresses were produced at the 
RD details close to the wheel center, such as at gauges 1–7, 1–9, and 
1–11 on the deck plate side, and particularly at gauge 1–9, which had 
the highest stress range of 54.6 MPa because it was directly underneath 
the wheel center. Meanwhile, high stresses were also produced at gauges 
1–8, 1–10, and 1–12 at the rib wall side, with the highest stress range of 
40.7 MPa at gauge 1–8. Because the distance from the details on R11 to 
the wheel center was larger than the rib spacing, the loading effects on 
gauges 1–1, 1–2, 1–3, and 1–4 were apparently small and negligible.  

4) Loading case LC4 

Fig. 17 shows the stress curves of the RD details under the passage of 
the truck at LC4 in the crawl tests. High stresses were present at gauges 
1–9 and 1–11 on the deck side, as well as at gauges 1–10 and 1–12 on the 
rib wall side, because these gauges were located close to the wheel 
center. The maximum stress range on the deck side was 41.1 MPa at 
gauge 1–11, while at the rib wall side, the maximum decreased to 24.2 
MPa at gauge 1–10. It is clear that the stress ranges at the west-side 

gauges decreased with an increase of their distance from the wheel 
center. Thus, the stress at the R11 detail was very small and hence was 
negligible.  

5) Loading case LC5 

When the wheel loads moved further toward the east side of R12 in 
the crawl tests and centered on the RD detail on the west side of R14, 
most of the gauges presented low stress responses during the truck 
passage, as shown in Fig. 18. Both gauge 1–11 on the deck plate side and 
gauge 1–12 on the rib wall side, which were the closest gauges to the 
wheel center, showed relatively large stress responses, with stress ranges 
of 23.0 MPa and 23.5 MPa, respectively. This clearly showed that the 
stresses at those gauges gradually decreased with an increase in the 
distance between the gauges and the wheel center. More specifically, 
when the gauge distance to the wheel center was larger than the rib 
spacing, the gauges exhibited low stress responses. In particular, the 
stresses on the gauges applied around R11 and R12 were negligible. This 
clearly demonstrated the significant local stress effects of the RD detail 
under wheel loading. 

The measurements made it apparent that the stress response at the 
RD detail was large when it was close to the wheel center, and it 
decreased with an increase in the distance from the wheel center. More 

Fig. 17. Stress records at RD detail under LC4: (a) deck plate side; (b) rib wall side.  

Fig. 18. Stress records at RD detail under LC5: (a) deck plate side; (b) rib wall side.  
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specifically, if the detail was directly underneath the wheel center, 
notable stress was produced, and clear individual stress peaks could be 
observed, such as 1–7, 1–5, 1–9 and 1–11 in LC1, LC2, LC3 and LC4, 
respectively. If the distance from the RD detail to the wheel center was 
smaller than the spacing between the ribs, a large stress was produced at 
the location, such as 1–5 and 1–9 in LC1, 1–3 and 1–7 in LC2, 1–7 and 
1–11 in LC3, 1–9 in LC4, as well as 1–11 in LC5. However, if the distance 
was beyond one rib spacing, the stress response at this location was 
significantly small, such as 1–1 in LC1, 1–11 in LC2, 1–1 and 1–3 in LC3, 
1–1, 1–3 and 1–5 in LC4, as well as 1–1, 1–3, 1–5 and 1–7 in LC5. This 
observation could also be found at rib wall side, despite the fact that 
when the RD-R was directly under the wheel center, the rib wall partly 
acted as a compressive bar due to its directly support to part of the wheel 
load. Consequently, the stress range at this RD-R was lower compared to 
that of other RD-D where the rib wall was under bending. Hence, the RD 
detail showed significant local stress effects under the wheel loading. 

Based on the above conclusions, it can clearly be seen that for a 
passing truck, the stress at the RD detail generated by one side of the 
wheel will not be superimposed on that from the other side of the wheel. 
In particular, the loading effects on the RD detail produced by trucks 
running side-by-side can be ignored. 

4. Stress behavior investigated using FEM analysis 

For the RD double-sided weld detail, because of the lack of access to 
the inner side of the rib, no stress gauges could be applied to the inner 
side of the weld of the RD detail in the field tests. Hence, the stress 
behaviors at the inner side of the weld were unclear. However, deter-
mining the stresses at both the inner side and outer side of the weld was 
important to comprehensively determine the stress features. It was also 
important to further investigate the fatigue performance of the OSD 
using the RD double-sided weld detail. With this consideration, an FEM 
panel model that used solid elements to accurately represent the RD 
double-sided weld based on the bridge design drawing was established 
in ANSYS to obtain the stresses at various transverse locations, similar to 

the field test. 
The calculated stress results at the RD outer side of the weld were 

first compared to the field measurements to validate the effectiveness of 
the FEM analysis. Then, the stress at the inner side was determined and 
compared to that at the outer side of the RD detail, which further clar-
ified the local stress effects at this detail. Finally, the structural defor-
mation of the OSD, particularly at the RD double-sided weld detail, was 
determined to assist in understanding the stress behaviors at different 
truck loading locations. 

4.1. FEM model 

As shown in Fig. 19, an FEM panel model that consisted of five 
longitudinal ribs, three floorbeams, and a four-span deck plate was 
established in the ANSYS software using solid elements. The structural 
layout was based on the design drawing of the OSD of the bridge, which 
was accurately represented by the panel model, including the fatigue- 
prone details such as the RD double-sided welds, RF welds, and 
floorbeam-to-deck plate welds. The RD double-sided welds in FEM were 
created by the full penetration weld, with weld size shown in Fig. 4 (c). 

In the panel model, the ribs were numbered from west to east, while 
the floorbeams were numbered F1 to F5 from north (N) to south (S). A 
coordinate system at the deck plate level, with its origin located at the 
intersection of F2 with the center line of R14, is shown in Fig. 19. The 
model was 12 m long in the bridge longitudinal direction (Z), 3 m wide 
in the bridge transverse direction (X), and 0.616 m high in the vertical 
direction (Y). The limited model width in the transverse direction was 
based on the conclusion from the controlled truck tests that the RD detail 
showed significant local stress effects from wheel loads. Meanwhile, 
because a solid-web diaphragm was used in this box girder, only the 
portion of floorbeam above the horizontal stiffeners was modeled, which 
could help avoid a very large model scale while guaranteeing acceptable 
accuracy [30]. 

The Solid45 element in ANSYS, which is a three-dimensional brick 
element with eight nodes, each having three translational degrees of 
freedom, was employed to discretize the OSD panel model. Due to its 
low contribution to the OSD’s stiffness at the test temperature condition, 
the 70 mm thick asphalt overlay on top of the OSD was not modeled, 
while its load distribution function was considered. In this study, the 
steel was considered as linear-elastic one, with Young’s modulus and 
Poisson’s ratio of 2.06 × 105 MPa and 0.3, respectively. 

In order to ensure good control of the mesh quality such as the 
element edge ratio and aspect ratio, structured meshes were created in 
most areas of the model, as shown in Fig. 20. Because fatigue-prone 
details always present stress concentrations at the weld toes, very fine 
meshes were provided in the areas close to the weld toes. At the RD 
detail, the first element height normal to the weld toe measured 1.6 mm. 
Close to the free edge of the cutout, the first element measured 2 mm in 
its normal direction, whereas at the RF detail, the minimum edge size 
was 3 mm close to the weld toes (Fig. 20 (b)). Two layers of uniform 
elements were created in the plate thickness direction, such as for the 
deck plate, rib wall, and floorbeam web. Consequently, there were 
approximately 1.54 × 106 elements in the FEM model. 

Fig. 19. FEM model of OSD panel.  

Fig. 20. Mesh arrangement: (a) OSD panel; (b) rib intersection at floorbeam and deck plate.  
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With regard to the boundary conditions applied to the panel model, 
three degrees of freedom were constrained for all the nodes on the 
boundaries, including the eastern and western longitudinal boundaries 
(in the Z-direction) on the deck plate, the northern and southern ends of 
the ribs, and the bottom, eastern, and western ends of F2, F3, and F4. It 
should be noted that the applied boundary conditions only approxi-
mated the real constraints from the entire structure. However, because 
the focus of the modeling was the RD detail at the rib span center be-
tween F3 and F4, which was located far away from the model bound-
aries, according to Saint–Venant’s principle, the treatment of the above 
boundary conditions might not have produced significant errors in the 
FEM results. 

4.2. Loading scheme 

As indicated in the controlled truck tests, in the longitudinal direc-
tion of the bridge, the length of the stress influence line at the RD detail 
was equal to the floorbeam spacing, i.e., 3 m for this bridge. Because the 
floorbeam spacing was shorter than the distance between the front and 
middle axles (3.8 m), only the middle and rear axles of the test truck, 
with their distance of 1.4 m between them, were considered in the FEM 
analysis. As shown in Fig. 9, considering a 70 mm thickness of the deck 
overlay and its load dispersal angle of 45 degrees, the wheel loads dis-
tribution area increased to 340 mm by 640 mm on the deck plate in FEM. 

The controlled truck tests also indicated that for a passing truck, the 
stress at the RD detail generated by one side of the wheel loading was not 
superimposed on that produced by the other side of the wheel loading. 
Hence, only the left wheels of the middle and rear axles, as shown in 
Fig. 7, were considered for the truck loading. In addition, a dynamic load 
allowance of 1.05, as obtained in the controlled truck tests in this study, 
was applied for the dynamic consideration. 

Due to limited model dimension in transverse direction, five loading 
cases in the field test are not applicable in FEM, as the wheel loads 
cannot locate too closely to the boundary condition. With this consid-
eration, the three transverse wheel locations, frequently used as the 
typical loading locations in FEM analyses of an OSD [31], were selected 
in this study and are shown in Fig. 21. The truck running on the bridge 

Fig. 21. Three typically transverse loading locations on panel model.  

Fig. 22. Calculated stresses at RD detail under LC1: (a) RD-D (outer side); (b) RD-D (inner side) (c) RD-R (outer side); (d) RD-R (inner side).  
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deck was modeled using a step-by-step placement of the twin axles on 
the panel deck with a suitable step interval in the longitudinal direction 
of the bridge, as shown in Fig. 19. The center of the middle axle was used 
to define the locations of the wheel loads in the longitudinal direction. 
The twin axles moved forward along the Z-axis in the positive direction 
with a uniform step size of 0.1 m until the middle axle reached F5 (Z =
9.0 m), which produced an array of 91 × 3 loading cases for the three 
transverse loading scenarios. It should be noted that the loading step size 
(0.1 m) in the bridge longitudinal direction was close to the identified 
truck loading step size in the dynamic tests based on the truck travel 
speed and data sampling interval. 

4.3. FEM results 

In order to make a direct comparison between the FEM results and 
those of the controlled truck tests, RD details midway between floor-
beams F3 and F4 (Z = 4.5 m) were selected as the section of interest, and 
the stress at the RD double-sided weld detail was obtained at a location 
6 mm away from the weld toes. Similar to the method used for 
numbering the stress gauges in the controlled truck tests, the stress 
points on the outer side of the RD detail in the FEM model were 
numbered D-3, D-5, D-7, D-9, and D-11 on the deck plate side, and R-4, 
R-6, R-8, R-10, and R-12 on the rib wall side. Meanwhile, the stress 
points on the inner side of the RD were numbered D-3′, D-5′, D-7′, D-9′, 

and D-11′ on the deck plate side, and R-4′, R-6′, R-8′, R-10′, and R-12′ on 
the rib wall side, as shown in the following.  

1) Loading case LC1 

Fig. 22 shows the calculated stresses of the RD double-sided weld 
detail at five different transverse locations under LC1, where the 
investigated RD details were located in the middle between F3 and F4 (Z 
= 4.5 m). Fig. 22 (a) and (c) plot the stress curves at the outer side of the 
weld of the RD detail, which makes it possible to compare the results to 
those shown in Fig. 13 from the dynamic test. It was clear that the 
calculated stress curves shared almost the same trends as those from the 
dynamic test. The maximum responses occurred at the same location, i. 
e., D-7 on the deck plate side and R-10 on the rib wall side, with their 
maximum stress ranges of 54.6 MPa and 37.4 MPa, respectively, also in 
agreement with the dynamic test results. The calculated stress ranges at 
other outer side of the weld of the RD details were also comparable to 
those of the field tests. Hence, the agreement between the FEM and 
dynamic test results demonstrated the effectiveness of the FEM analysis. 

The stress curves at the inner side of the weld of the RD detail are 
plotted in Fig. 22 (b) and Fig. 22 (d). Compared to the stress curves at the 
outer side of the weld of the RD detail, the stresses from both sides of the 
deck plate had the same trend, and the calculated stress ranges at D- 
1′–D-11′ were 0.9 MPa, 13.3 MPa, 16.4 MPa, 47.6 MPa, 27.2 MPa, 3.0 

Fig. 23. Calculated stress at RD detail under LC2: (a) RD-D (outer side); (b) RD-D (inner side) (c) RD-R (outer side); (d) RD-R (inner side).  
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MPa, respectively, indicating lower stress ranges than on the outer side 
of the weld. 

The maximum stress range at the inner side of the rib wall was not 
only lower than that of the inner side of the deck plate, but also slightly 
lower than that of the outside rib wall. The calculated stress ranges at R- 
2–R-12 were 3.0 MPa, 12.1 MPa, 36.2 MPa, 13.9 MPa, 22.9 MPa, and 
14.1 MPa, respectively. The locations of the maximum stress range were 
different between the inner and outer sides of the weld under this 
loading case. The stresses at R-8 and R-8′ were all in compression 
because their rib walls directly supported the wheel center. For the other 
ribs, opposite stresses appeared on the two sides of the same rib. The 
maximum stress range at the outer side of the rib wall occurred at R-10 
in compression, while its inner side (R-10′) was in tension, indicating 
that the rib wall experienced out-of-plane bending. However, the 
maximum stress range at the inner side of the rib wall occurred at R-6′ in 
compression, while its opposite (R-6) was in tension. Hence, if the rib 
wall was offset to the wheel center, it would suffer out-of-plane bending.  

2) Loading case LC2 

In this loading case, the wheel load was symmetrical to the center 
line of R12; hence, symmetrical locations at the deck plate and rib wall 
were expected to have identical responses under the passage of wheel 
loads, as shown in Fig. 23. The maximum stress range appeared at D-5 
and D-7 on the outer side of the weld on the deck plate, which was 

underneath the truck wheel, but this maximum stress range was lower 
than that of LC1. The stress ranges at the outer side of the weld on the 
deck plate were 2.8 MPa, 23.1 MPa, 41.1 MPa, 41.1 MPa, 23.1 MPa, and 
2.8 MPa at D-1–D-11, respectively, while the stress ranges at the inner 
side of the deck plate were 1.1 MPa, 18.4 MPa, 35.4 MPa, 35.4 MPa, 
18.4 MPa, and 1.0 MPa at D-1′–D-11′, respectively. The stress curves at 
both sides shared the same trend, although the stress ranges at the inner 
side of the weld on the deck plate were 14% smaller than those on the 
outer side of the weld on the deck plate. 

The stress ranges at the outer side of the weld on the rib wall were 
7.4 MPa, 20.1 MPa, 13.0 MPa, 13.0 MPa, 20.1 MPa, and 7.4 MPa for R- 
2–R-12, respectively, while they were 6.6 MPa, 17.1 MPa, 25.4 MPa, 
25.4 MPa, 17.1 MPa, and 6.6 MPa for R-2′–R-12′, respectively, at the 
inner side of the weld on rib wall. Although the maximum stress range at 
the inner side of the weld on the rib wall was higher than that on the 
outer side of the weld on the rib wall, it was significantly lower than the 
maximum stresses on both sides of the deck plate.  

3) Loading case LC3 

Fig. 24 illustrates the stress curves at the RD detail under this 
transverse loading case, where the wheel centers were between ribs R12 
and R13. A comparison between Fig. 24 (a) and (b) indicates that the 
inner side and corresponding outer side of the weld on the deck plate 
had almost the same stress curves, although the stress ranges at the inner 

Fig. 24. Calculated stresses at RD detail under LC3: (a) RD-D (outer side); (b) RD-D (inner side); (c) RD-R (outer side); (d) RD-R (inner side).  
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side were lower than the corresponding values on the outer side, with 
maximum stress ranges of 40.3 MPa and 34.3 MPa occurring at the outer 
side and inner side of the weld on the deck plate, respectively. In 
addition, the stress curves in Fig. 24 (a) indicate two clearly separated 
individual stress peaks. 

The stress ranges at the outer side of the rib wall were 2.5 MPa, 8.4 
MPa, 22.4 MPa, 30.9 MPa, 31.0 MPa, and 22.6 MPa at R-2–R-12, 
respectively, while those at the inner side of the weld on the rib wall 
were 2.0 MPa, 7.7 MPa, 23.6 MPa, 16.2 MPa, 16.3 MPa, and 23.7 MPa at 
R-2′–R-12′ respectively. Again, the maximum stress range at the inner 
side of the weld on the rib wall was lower than that on the outer side of 
the weld on the rib wall, and it was significantly lower than the 
maximum stress range produced at the deck plate side. 

Based on the FEM results, an important observation was that the 
apparent stress response could only be produced at the RD detail of 
interest (Z = 4.5 m) when the truck wheel loaded on the rib span, while 
the stress at the detail was small if the truck wheels crossed the floor-
beam (F4 shown in Figs. 22–24) and moved away from the rib span. 
Hence, in the longitudinal direction of the bridge, the length of the stress 
influence line was equal to the floorbeam spacing, i.e., 3 m for the box 
girder. This confirmed the results of the dynamic tests. In addition, for 
the RD double-sided weld detail, when the transverse distance from a 
detail to the wheel center did not exceed the spacing between ribs (0.6 m 
for this box girder), a large stress was produced at that detail. With an 
increase in this distance, the stress response at that detail decreased, 

such as D-1/1′, D-11/11′, R-2/2′, and R-12/12′ in LC1; D-1/1′, D-11/11′, 
R-2/2′, and R-4/2′ in LC2; and D-1/1′, D-3/11′, R-2/2′, and R-4/4′ in 
LC3; as shown in Figs. 22–24. Hence, the stress at the RD double-sided 
weld detail was highly dependent on its distance from the wheel cen-
ter, both in the longitudinal and transverse directions, i.e., there were 
significant local stress effects under wheel loads. 

The FEM results also revealed that if the RD double-sided weld detail 
was underneath the deck plate covered by the wheel load distribution 
width, the effects of individual axles could clearly be identified at the RD 
detail, with each axle producing an individual stress cycle. However, if 
an RD double-sided weld detail was outside the wheel load distribution 
width, it was only possible to identify the axle group, which also 
confirmed the findings of the controlled truck tests. 

4.4. Discussion 

The FEM results made it easier to understand the OSD panel be-
haviors such as the local stress effects and three-dimensional deforma-
tion under different transverse wheel loadings.  

1) Local stress under wheel loads 

Figs. 25–27 show the stress contours on the model between F3 and F4 
(Z = 4.5 m) with the middle axle loaded at the three typical transverse 
loading locations shown in Fig. 21. The displayed stress component was 

Fig. 25. Stress contour plots of RD detail around R12 under LC1 (Unit: MPa): (a) deck plate top surface; (b) deck plate bottom surface; (c) rib outside surface.  
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in the bridge transverse direction (i.e., normal to the RD weld toe). 
Apparently, high stress appeared at the deck plate, which was directly 
underneath the wheel loads, and a significant stress concentration was 
generated at the RD detail. The local stress effects, in which the deck 
plate behaved similar to a continuous beam supported by the rib walls, 
as mentioned in Section 1, were quite evident. On the top surface of the 
deck plate, the area near the RD weld was in tension, while the other 
area was in compression, whereas the stress distribution on the deck 
plate’s bottom surface was completely reversed. The stress distributions 
on the inner and outer sides of the weld on the rib wall were not the 
same, implying that the rib did not behave similar to a longitudinal 
beam deflecting in the vertical direction. In other words, additional 
deformation might occur and be coupled with rib deflection. 

As shown in Fig. 25 (a), the wheel load was centered on the RD weld 
and distributed on both sides of the deck plate at the weld; hence, 
clockwise and counterclockwise moments were produced on the deck 
plate. Accordingly, transverse compressive stress would be generated on 
the deck plate’s bottom surface at the RD detail. The stress at this 
location was the sum of the stress produced by the global effects on the 
deck plate and that generated by the local effects under the wheel load. 
The dominant compressive stress on the top surface of the deck plate 
suggested that the local effects at the deck plate were significantly larger 
than the global effects under wheel loading. This strongly supports the 
idea that the OSD panel model created using the FEM is feasible for 
investigating the stress at the RD detail under wheel loads. 

When the wheel was centered on the rib wall (LC1), the rib wall was 
directly underneath the wheel center; hence, the rib wall acted as a 

support for the wheel loads. Consequently, the stress at this rib wall 
(1–8, R-8′) would be in compression. This explained why the highest 
stress was generated at 1–7 and D-7, while lower stresses were produced 
at 1–8 and R-8′. On the eastern and western sides of the wheel center 
under LC2 and LC3, the stress distributions at the RD details were almost 
the same, which implied that the wheel load was almost equally sup-
ported by both sides of the rib wall, as shown in Fig. 26 and Fig. 27. 
Hence, the stress response at the RD detail definitely decreased at the 
two loading locations. This partly explained why LC1 was the most 
critical transverse loading location for the RD.  

2) Three-dimensional deformation 

Fig. 28 plots the cross-sectional deformation and von Mises stress 
contour of the panel model midway between F3 and F4 (Z = 4.5 m) at 
the three typical transverse loading locations. The deformation was 
characterized by differential deflection between the five ribs and deck 
plate bending, as well as rib wall warping and distortion, which was 
highly dependent on the wheel location on the deck. If the ribs were 
directly underneath or adjacent to the wheel load, their deflection was 
large, whereas if they were far away from the wheel load, their deflec-
tion was small or even negligible. This differential deflection between 
ribs, coupled with the rib wall bending produced by offset wheel loads, 
produced significant rib warping and distortion, particularly for these 
ribs underneath or adjacent to the wheel, such as R11, R12, and R13, as 
shown in Fig. 28. In addition, such rib distortion would result in a 
complicated secondary stress in the rib walls, as shown in Figs. 25–27. 

Fig. 26. Stress contour plots of RD detail around R12 under LC2 (Unit: MPa): (a) deck plate top surface; (b) deck plate bottom surface; (c) rib outside surface; (d) rib 
inner surface. 
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Fig. 29 displays the three-dimensional deformation of the panel 
model under LC1, where the middle axle was also midway between F3 
and F4 (Z = 4.5 m). Because of the concentrated wheel loads and lower 
bending stiffness of the deck plate, simultaneous longitudinal and 
transverse deformations appeared under the wheel loads (Fig. 29 (a) and 
Fig. 29 (b)), which were clearly three-dimensional. The clearly illus-
trated dimple under the wheel loads shows the low stiffness of the deck 
plate in the vertical direction. Meanwhile, ribs warping and deflection 
also occurred under wheel loading (Fig. 29 (b) and Fig. 29 (c)), which 
would produce out-of-plane bending at the floorbeam cutout detail, and 
fatigue cracks were observed at the cutout detail on several OSD bridges 
[2]. 

5. Conclusions and remarks 

Based on controlled truck loading tests and FEM analyses, this study 
conducted an extensive investigation of the stress behaviors at RD 
double-sided weld details. The following conclusions and remarks can 
be made.  

1) The RD double-sided weld details showed significant local stress 
effects from wheel loads. When their distances to the wheel center 
did not exceed the rib spacing in the transverse direction, apparent 
stresses at those locations were produced. Otherwise, the stress was 
small or even negligible. Hence, for a passing truck, the stress at the 
RD detail generated by one side of the wheel was not superimposed 
on that from the other side of the wheel. In particular, the loading 
effects produced by trucks running side-by-side could be ignored. 

Fig. 27. Stress contour plots of RD detail around R12 under LC3 (Unit: MPa): (a) deck plate top surface; (b) deck plate bottom surface; (c) rib outside surface; (d) rib 
inner surface. 

Fig. 28. Cross-sectional deformations of deck panel model and von Mises stress contour plots (Unit: MPa): (a) LC1; (b) LC2; (c) LC3.  
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2) In the longitudinal direction of the bridge, the wheel loading effects 
at an RD double-sided weld detail could be discerned only when the 
wheels were loaded on the RD detail-affiliated rib span. In addition, 
each axle could produce an individual stress cycle at the RD detail 
only when the detail was underneath the deck plate covered by the 
wheel load distribution width.  

3) Among the three typical transverse loading locations, riding-rib-wall 
loading was the most critical loading location for the RD double- 
sided weld detail, with the highest stress range at the deck plate. 

4) The ribs could suffer from complicated deformations, including dif-
ferential deflection, warping, and distortion, which were highly 
dependent on the wheel location in both the longitudinal and 
transverse directions.  

5) The maximum stress range produced on the outer side of the weld of 
an RD detail was higher than that on the inner side. Hence, stress 
measurement on the outer side of the weld of a RD detail could 
conservatively be used for the fatigue life evaluation of existing OSD 
bridges with RD double-sided weld details.  

6) The dynamic load allowance of 15%, as specified in AASHTO LRFD 
for fatigue limit state, may be conservative based on stress mea-
surement at the RD detail. 
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