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Abstract: In this paper, the fatigue performance of rib-to-deck joints in orthotropic steel decks (OSDs)
using thickened edge U-ribs (TEUs) and the OSD using conventional U-ribs (CUs) are investigated
based on the fatigue test result and in-situ monitoring data. Firstly, comparative fatigue tests
were carried out with full-scale rib-to-deck specimens. Probability–stress–life (P–S–N) curves were
derived through the test data measured from a total of 18 specimens, including 7 CU specimens
and 11 TEU specimens. According to the results, the TEU can lead to a notable enhancement in the
fatigue strength of rib-to-deck joints, i.e., 21.4% in terms of nominal stress and 21.1% in terms of
hot spot stress. After that, a typical OSD steel bridge was selected as the prototype to investigate
the fatigue performance of rib-to-decks in the OSD using TEUs under actual applications. In the
analysis, the uncertainty in both fatigue strength, and vehicle loads were considered. A multi-scale
finite element model of the prototype bridge was established, and numerical analysis conducted to
derive the vehicle-induced stress spectra of the rib-to-deck joints in critical positions. In the derivation,
a stochastic traffic model was employed, through which the in-situ measurement was incorporated.
Finally, fatigue reliability analysis was carried out for the prototype bridge based on the above works.
The result showed that a notably higher fatigue reliability can be expected in the rib-to-deck joint
in OSDs using TEUs when compared with the joints in OSDs using CUs, which in turn can lead to
notable improvement in fatigue life. For instance, under the target reliability of 2.3, the fatigue life of
the two critical rib-to-deck joints were, respectively, increased by 153% and 155% when using TEUs.

Keywords: orthotropic steel deck; thickened edge U-ribs; flux cored arc welding; fatigue test;
in-situ measurement; fatigue reliability

1. Introduction

The orthotropic steel deck (OSD) has been widely employed in steel bridges, along with the
evolution more than half a century after it was first invented as a battle deck in the 1930s. Compared with
other types of decks, the structural members in OSDs are highly integrated, leading to superiorities
such as large loading-capacity, speedy construction, and light self-weight [1]. During fabrication,
a considerable amount of welding works is applied to make up the complicated structural details
in OSDs. As a result, fatigue cracking of welded joints becomes a very prominent issue in OSDs,
especially when the truck traffic volume is high [2,3]. Among the different types of welded joints,
fatigue cracks are frequently observed in the rib-to-deck (RD) joint located between the U-rib and
deck plate [4]. Two major factors can accounted for the phenomenon—the large amount of RD joints
and the vehicle loads directly applied on the joints. As a result, cracking in RD joints will cause
serious consequences, i.e., the damage to the pavement and even the failure of the deck system.
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Obviously, the cracking issue will hinder the OSD from the continuous service over a design life of
100 years [5].

Generally, two types of fatigue failure are frequently observed in RD joints, i.e., the weld
root-to-deck cracking and the weld toe-to-deck cracking. In the case of weld root-to-deck cracking,
the fatigue crack first initiates at the weld root on the deck side and then propagates into the deck
plate. This type of cracking is often observed in the early-built OSD bridges, especially those erected in
the 1990s and early 2000s. According to the studies [1,6], the root cracking is mainly controlled by
the penetration depth of U-ribs and the fit-up gap between the deck plate and U-rib before welding.
When the fit-up gap is well controlled under 0.5 mm during the fabrication, root cracking can be
prevented [7,8]. Thus, the weld toe-to-deck cracking is now of particular concern, in which the crack
initiates at the deck toe and then propagates into the deck plate.

In recent years, extensive research efforts have been performed to solve the fatigue issue of
RD joints, including the post weld treatment and innovations of structural details. The post weld
treatment can be classified by the target of improvement, i.e., the weld profile and residual stress [9].
In terms of the weld profile, the grinding and TIG-dressing can be employed to generate a smooth
transition between the weld and the base metal at the weld toe. As a result, the stress concentration
can be ameliorated at the weld toe, which can in turn lead to the improvement in the fatigue strength.
Another type of treatment is to improve the residual stress condition through peening methods,
including hammer-peening, needle-peening, brush-peening and the ultrasonic impact treatment
(UIT). As suggested by Haagensen and Maddox [9], the above treatments can result in a significant
enhancement in the fatigue strength. For structural steel with yield strengths less than 355 MPa,
which is commonly used in steel bridges, the fatigue strength of the treated joint can be improved by
30% when compared with the as-welded joint. It is also worth stating that the application of post weld
treatments is not against the application of novel structural details. As a result, further improvement
can be expected in the fatigue strength of rib-to-deck joints.

In the case of detail innovation, there are three representative novel technologies, including the
thickened edge U-rib (TEU) [10], both-side fillet welding [11], and steel–concrete composite deck [12].
The concept of TEUs is to increase the thickness of rib walls at the edge through the continuous rolling
method, as shown in Figure 1. The fabrication and labor costs will be just slightly increased in TEUs,
since a standardized steel sheet is used with the special operation on the edge only. At the same time,
the thickness available for welding in rib walls can be notably improved with the thickened edge.
Taking the 8 mm-thick U-rib as an example, which is commonly used in OSDs, the edge thickness can
be increased from 8 to 12 mm (i.e., 50%) when using TEUs. Besides, a smooth transition is generated at
the edge of TEUs during the rolling process, as shown in Figure 1b. As a result, no further work is
required to create a bevel for welding, and the stress concentration could also be ameliorated in the RD
joint. As shown in Figure 1b, the U-rib is in closed shape, making it very difficult to perform welding
works from the inside. Thus, the single-side welding is usually utilized to perform welding from the
outside of U-ribs, with a desired penetration rate around 75% to 80% to avoid the negative effect of
melt-through [1,13,14].
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In the both-side fillet welding technology, the rib wall is welded to the deck plate from both the
inside and outside, with the application of a small inner welding machine customized for RD joints
only. Intuitively, the fatigue strength of RD joints can be enhanced by the both-side welding since
the integrity is improved. However, fatigue test data are still required to prove the effectiveness and
feasibility of the both-side welding since little data are currently available. Besides, an additional
fatigue-critical point is introduced by the both-side welding, i.e., since an inner weld toe will be formed
inside the U-rib [11]. As a result, some negative effects may be imposed on the fatigue strength and is
due to be verified by fatigue tests. Unlike the above two methods, in which the target is to improve
the fatigue strength directly, the composite deck technology tries to reduce the vehicle-induced stress
ranges in RD joints by introducing a layer of ultra-high-performance concrete (UHPC) [15] above
the deck surface. The UHPC layer is connected to the deck plate by shear keys, usually shear studs,
through which the layer can work together with the deck against the external loads [16]. According to
the test data [17], the stress ranges can be significantly reduced in RD joints in composite decks,
i.e., about almost 80 percent. However, a new fatigue-critical detail was also found in the composite
deck, i.e., the welded joint between the studs and the deck plate. The stud-to-deck joint is found to be
highly prone to fatigue failure due to the high-level stress range induced by the applied cyclic loads.
After the cracking of studs, the stress range in RD joints would increase to almost the same level as the
joint in traditional decks without the UHPC layer. When the loading was continued, a very similar
failure model was observed in RD joints due to the rebounded stress ranges.

Based on the above analysis, the application of TEUs seems to be both applicable and promising
in enhancing the fatigue performance of RD joints. A series of studies was performed on the fatigue
strength of RD joints using TEUs through the fatigue tests on full-scale rib-to-deck specimens [10,18].
According to the test data of 11 specimens, the weld toe-to-deck cracking pattern is observed. The result
also suggests that the application of TEUs can notably enhance the fatigue strength of RD joints.
Besides, a further experimental study was carried out on two full-scale OSD segment specimens,
including one using conventional U-ribs (CUs) and one using TEUs [19]. A similar fatigue failure
model of toe-to-deck cracking was observed in both the two specimens, while the fatigue life of
rib-to-decks in the CU specimen and the TEU specimen were 4.19 and 8.59 million cycles, respectively.
Based on the above fatigue test, the effectiveness of TEUs was proved in enhancing the fatigue
performance of rib-to-deck joints. However, due to the limitation in the number of tested specimens,
a practical probability–stress–life (P–S–N) curve has yet to be established through statistics analysis on
a sufficient set of test data.

Another essential work about the TEU is to validate its effectiveness in actual engineering projects.
Apart from the fatigue strength, the vehicle-induced stress ranges are of the same importance in
determining fatigue performance. In most codes of practice [20–22], the stress ranges are represented
by an equivalent stress range solved by the deterministic analysis with standard fatigue truck
models. Obviously, this type of method is simple and straightforward, but it may cause notable
errors in fatigue life prediction since the random feature of fatigue is not explicitly considered [23].
Alternatively, reliability analysis can be applied to predict the fatigue life of welded joints under an
assumed target reliability [24], with the consideration of uncertainties in both fatigue strength and
action. At the same time, with the rapid improvement in structural health monitoring (SHM) [25],
the measurement-based structural analysis gradually becomes available and applicable. For instance,
in [26], in-situ monitoring data were utilized to predict the fatigue life of bridge suspenders through
reliability analysis. With respect to TEUs, numerical evaluations have been previously conducted
on the fatigue performance of rib-to-deck joints in OSDs using TEUs and the joints in OSDs using
CUs [27]. The result suggested that the fatigue life of RD joints can be prolonged by 141% to 161%
when using TEUs. In the numerical study, the fatigue strength of RD joints was determined after the
existing S–N curves and some preliminary results obtained from the limited test data. However, it is
worth noting that the numerical fatigue evaluation was performed in a deterministic way to some
degree, even if the stress spectra of RD joints were derived based on a stochastic traffic model.
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The aim of the present study was to evaluate the fatigue performance of rib-to-deck (RD) joints in
orthotropic steel decks (OSDs) using TEUs under a reliability-based framework incorporating test data
and in-situ measurements. Based on the preliminary experimental studies of 11 full-scale specimens
in [10,18], a series of fatigue tests was first carried out with a total of 7 full-scale specimens. Through the
test data of the above 18 specimens, probability–stress–life (P–S–N) curves were established for RD
joints through statistical analysis. Meanwhile, a typical OSD bridge was selected as the prototype and
the traffic data from in-situ measurements were considered. On this end, a novel reliability-based
evaluation approach was proposed to incorporate the fatigue test result and in-situ measurement data.
In the approach, numerous studies have been employed to establish the stress spectra of RD joints
from the traffic data through large-scale sampling. Based on the proposed approach, fatigue reliability
analysis was performed for the RD joint in OSDs using TEUs and the one in OSDs using CUs. With the
assumed target reliability, the fatigue life of RD joints in the above two deck systems were predicted
and compared, indicating the superiority of TEUs over CUs in OSDs.

2. Fatigue Tests of Rib-To-Deck Joints

2.1. Design of Specimens

As widely acknowledged, the fatigue test is the most reliable and somehow inevitable approach
in the study on fatigue performance of OSDs [28]. Since extensively welded joints are used in OSDs,
various types of fatigue-critical details existed [29], including the rib-to-deck joint, the rib-to-floor
beam joint, and the floor beam-to-deck joint. Meanwhile, the structural behavior of OSDs is extremely
complicated, because of the large number of the details in OSDs and the high integrity among the
details [29]. To this end, several types of fatigue cracking may occur in the fatigue test when the
segment model is employed [30]. In order to focus on the fatigue performance of RD joints, which is
the main target of this study, rib-to-deck specimens are used in the fatigue test. A total of 7 specimens
are fabricated using Q345qD steel [31] (similar to the British steel grade S355NL), including 2 CU
specimens and 5 TEU specimens. The specimen consists of a 16 mm-thick deck and an 8 mm-thick
U-rib, which are connected by two RD joints, as shown in Figure 2a. The RD joint in CU specimens
and the joint in TEU specimens are illustrated in detail in Figure 2b. It is worth stating that the width
of the U-ribs is measured at the mid-plane of the rib wall, which is the same in the two types of
U-ribs. In the fabrication, 2 mm of the rib wall is not welded to avoid the negative effect of weld
melt-through on fatigue strength. Under this design, the penetrated thickness of rib walls in TEU
specimens is increased from 6 to 10 mm, i.e., an increment of almost 67%. At the same time, the weld
leg length on the deck plate is also notably increased (from 11 to 15 mm). During the welding works,
a semi-auto welding machine was employed, and the welding parameters were kept the same as
in the preliminary tests [18,19]. The welds have been made by the flux cored arc welding (FCAW)
protected with CO2, and the rate of shielding gas flow is 20 L/min. The designation of the welding
wire is E501T-1(E71T-1C) [32,33], with the diameter of 1.2 mm. Correspondingly, and the contact tip
to work distance (CTWD) is determined as 15 times the diameter, i.e., 18 mm. The arc voltage and
welding current are, respectively, 31 ± 2 V and 290 ± 20 A, with a travel speed of 380 ± 20 mm/min.
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2.2. Test Setup

The specimen is simply supported on a testing platform, with the actuator on the longitudinal
center of the left joint, as shown in Figure 3a,b. In order to distribute the applied load and reacting
force, rubber plates are installed between the loading actuator, specimen and supporting platform.
Besides, a pressure-sensitive film is installed between the specimen and actuator, as shown in Figure 3b,
to verify the uniformity of loading distribution. A coordinate system is introduced to illustrate the
position of the actuator, shown in Figure 3a, with the origin at the left-front corner of the deck. Under the
system, the coordinate of the center of the actuator is (455 mm, 300 mm).
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The specimens were cyclically loaded with the constant amplitude loads, using the hydraulic test
device MTS system [34]. The loading frequency was set as 3.25 Hz, which is acceptable for the fatigue
test of large civil structures. Various levels of cyclic loads were applied on the different specimens,
to obtain stress–life (S–N) data under a wide range of stress levels. Meanwhile, the ratio of the maximum
to the minimum loads was kept the same as the value in the previous test [18,19], i.e., 3.0. Table 1
summarizes the cyclic loads applied on each specimen.

Table 1. Cyclic loads applied on each specimen (kN).

CODE Maximum Load Minimum Load Range of Loads

CU6 15 50 35
CU7 15 50 35

TEU7 15 50 35
TEU8 18 60 42
TEU9 19 65 46
TEU10 19 65 46
TEU11 22 74 52

According to the test result of similar specimens in [10], fatigue cracking is highly expected to
initiate at the deck-side weld toe at two potential cracking sites shown in Figure 3a. Based on this
assumption, the stress gauge was set with special emphasis on the weld toe at the deck side, as shown
in Figure 4.

Both the nominal stress and hot spot stress were considered in the measurement. The hot spot
stress is calculated by the extrapolation with the “0515” rule suggested by IIW [35], as shown in
Equation (1).

σhs = 1.5σ0.5t − 0.5σ1.5t (1)

where t stands for the thickness of the plate under consideration, i.e., the deck plate in this study; σhs is
the hot spot stress; σ0.5t and σ1.5t are, respectively, the stress measured at the distance of 0.5 and 1.5 t
away from the deck toe, i.e., D8-X and D24-X in this study.
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As per the rule, two reference points are used in calculating the hot spot stress, whose distances to
the weld toe are 8 mm (named as D8-1 to D8-16) and 24 mm (named as D24-1 to D24-16), respectively.
Since the cracking in the RD joint would result in strain drops in nearby gauges, the dynamic
strain monitored during loading could be utilized to reflect the development of fatigue cracks [18].
Thus, additional dynamic gauges are deployed, which are named as D-1 to D-21. Due to the difference
in the weld leg length between the CU specimen and TEU specimen, the distance between the strain
gauges and loading point will be different. Since the mid-plane width of the two types of U-ribs is the
same, it can be calculated from Figure 2b that the distance from the weld toe to the loading point in
TEU specimens is 2 mm longer than that in CU specimens. Meanwhile, it can be determined from
Figures 1 and 3 and the coordinate of the loading point that the distance from the weld toe to the
loading point is 119 and 121 mm in the CU and TEU specimens, respectively. For the first-row reference
gauges, which are 8 mm away from the weld toe, the distance between the loading point and gauges is,
respectively, 127 mm and 129 mm in the two types of specimens, i.e., a difference of less than 1.6%.
In the case of the second-row reference gauges, which are 24 mm away from the weld toe, the difference
is no more than 1.4%. Based on the above analysis, the distance between the strain gauges and the
loading point can be assumed to be the same in the two types of specimens. Besides, penetrant testing
(PT) checks were also performed to identify the cracking of RD joints during the test. At first, the PT
check is conducted after every 50,000 cycles. After any fatigue crack is observed, the interval of PT
checks is narrowed to every 10,000 cycles.
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2.3. Test Result

In all the tested specimens, the fatigue crack first initiates at the weld toe on the deck side, and then
propagates along both the thickness and length of the deck plate, as shown in Figure 5. In the test,
the failure of specimens is assumed when the fatigue crack penetrates through the thickness of the
deck plate. After that, the test will be terminated, and the number of the loading cycles applied is taken
as the fatigue life.
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As aforementioned, dynamic gauges have been applied to monitor strain drops near the crack,
which can in turn reflect the development of fatigue cracks during loading. Figure 6 shows the strain
drops in the dynamic gauges installed on specimen TEU-10.

The result indicated that two fatigue cracks were initiated at the two deck toes which were about
70 to 80 mm away from the center of actuator. With the increase in loading cycles, the two cracks
propagated along both the depth and length of the deck plate. It can be found that the cracking
pattern measured by the gauges is highly consistent with the visual observation. At the same time,
the strain drops at the two crack-initiate sites, i.e., D-4 and D-18, are illustrated in detail in Figure 7.
The strain drops of 10% can be observed after about 1.2 × 106 cycles in D-4 and 1.43 × 106 cycles
in D-18, respectively. After that, the strain gradually drops with the loading cycles, from almost
170 MPa to about 30 MPa. It is interesting to note that, the strain drops in D-18 a bit later than in D-4.
However, the value in D-18 meet that in D-4 after 1.55 × 106 cycles and then surpasses, since the slope
of strain drops is increasing in D-18 while almost unchanged in D-4.
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In the tests, different cyclic loads have been applied on the different specimens. For comparison
purposes, the measured stress–life data have been unified to the equivalent fatigue strength under the
same equivalent fatigue life [36], as shown in Equation (2).

∆σeqv =

(
Ntest

Neqv

) 1
m

·∆σtest (2)

where ∆σeqv stands for the equivalent fatigue; ∆σtest and Ntest are the measured stress range and
corresponding failure cycles; Neqv is the equivalent fatigue life, set as 2 × 106 cycles in this study; m is
the material-related power index, assumed to be 3 as a common practice.

Based on the above analysis, the stress–life data are summarized in Table 2, accompanied by the
data of 11 specimens previously tested [10,18].

Table 2. Stress–life data measured from fatigue tests.

CODE
Measured Stress Range (MPa)

Failure Cycles (×104)
Equivalent Fatigue Strength (MPa) Average Equivalent Fatigue Strength (MPa)

Nominal Hot Spot Nominal Hot Spot Nominal Hot Spot

CU1 * 81 98 269 89 108

103
(13.0) 1

128
(12.5)

CU2 * 103 121 255 112 131
CU3 * 123 149 91 95 115
CU4 * 58 81 824 93 130
CU5 * 81 113 314 94 131
CU6 115 135 206 116 136
CU7 111 132 263 121 145

TEU1 * 114 144 147 103 130

125
(14.1)

155
(14.9)

TEU2 * 119 146 162 111 136
TEU3 * 125 154 234 132 162
TEU4 * 129 153 193 127 151
TEU5 * 78 113 648 115 167
TEU6 * 106 131 223 110 136
TEU7 114 144 333 135 171
TEU8 139 160 204 140 161
TEU9 151 187 129 130 162
TEU10 147 170 210 149 173
TEU11 174 211 75 125 152

*: The specimen previously tested in [10,18]. 1 The value in brackets is the standard deviation.

The test result suggests that the fatigue strength is relatively higher in the TEU specimens than
in the CU specimens, indicating the effectiveness of TEUs in enhancing the fatigue performance of
rib-to-deck joints. In terms of nominal stress, the average value of equivalent fatigue strength is
125 MPa in TEU specimens, i.e., 21.4% higher than the strength of 103 MPa in the CU specimens.
In the case of hot spot stress, the average strength of TEU specimens and CU specimens is respectively
155 and 128 MPa, i.e., an enhancement of 21.1%. Meanwhile, it is also worth noting that the standard
deviation of the two types of specimens are similar, which is slightly higher in TEU specimens. Due to
the random nature in fatigue strength, the higher deviation can be attributed to the larger number of
the tested TEU specimens.

3. Derivation of Probability–Stress–Life Curves

3.1. Statistics Method for P–S–N Derivation

Based on the above analysis, the fatigue strength of TEU specimens and CU specimens are
compared in terms of the mean value. However, in the fatigue design, it is risked and unreasonable
to directly use the mean value, which stands for a failure rate of 50%. Instead, the stress–life curve
established under a specific survival probability is generally applied, which is also called as the
probability–stress–life (P–S–N) curve. To derive the P–S–N curve, the uncertainties in fatigue strength
should be fully considered through the statistics analysis on the test data.

In the fatigue design, Wohler’s equation is generally applied as the basic model for the stress–life
relation [36], as shown in Equation (3) (power form) and Equation (4) (log–log form).

∆σm
×N = C (3)
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m× log ∆σ+ log N = log C (4)

where ∆σ stands for the applied stress range; N is the fatigue life; m and C are the material-related
power index and constant, respectively.

For welded joints in steel structures, the power index m can be treat as a fixed value of 3 while
the constant C accounts for the uncertainty in fatigue strength [35]. On this end, the P–S–N can be
established based on the characteristic value of the constant C, or more generally its logarithm log C,
under a specific survival rate. In serval codes of practice [20,21], the value log C is assumed to be
normal distributed and a survival probability of 97.7% is considered. As a result, the characteristic
value of log C can be calculated as the sample mean value minus two times the sample deviation.

Obviously, the 97.7% survival rate-based method is straightforward and easy to use.
However, the uncertainty in the estimators, i.e., the sample and deviation, is totally ignored in the
above method, which may cause errors and even risks in the fatigue design. One this end, the statistics
approach proposed by IIW [36] is also considered, in which the uncertainty in estimators is included
using the tolerant interval, as shown in Equations (5) and (6).

xc(log C) = xm(log C) − k·Std(log C) (5)

k = tp,n−1/
√

n + Φ−1
α ·

√
(n− 1)/χ2

(1+β)/2,n−1
(6)

where xc is the characteristic value; xm and Std stand for the sample mean and deviation, respectively;
n is the number of tested specimens; tp,n−1 is the critical value of t-distribution with n − 1 degrees
at the confidence level p; Φ−1

α is critical value of standard normal distribution at the survival rate α;
χ2
(1+β)/2,n−1

is the critical value of chi-square distribution with n − 1 degree at the confidence level

(1 + β)/2.
As per the suggestion by IIW [36], the survival rate α = 95% can be applied with the confidence

levels p = β = 75% in deriving the characteristic value of log C. It can be also found that the
IIW method takes into consideration the influence of the number of specimens on fatigue strength,
through incorporating the uncertainty in estimators.

3.2. Result and Discussion

The P–S–N curves of rib-to-deck joints were first derived using the traditional assumption with the
97.7% survival rate, in which the uncertainty in estimators was not considered. The result of the two
types of specimens is shown in Figure 8a,b, in terms of nominal stress and hot spot stress, respectively.
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Generally, the characteristic fatigue strength at 2 million cycles, called the “FAT” value, can be
utilized to category the class of fatigue-critical details [20,22]. Based on the above analysis, the FAT
value of the CU specimens was 79.7 MPa in terms of nominal stress and 104.2 MPa in terms of hot
spot stress. It is interesting to note that the derived curve is slightly higher than the curve proposed
in Eurocode 3 [20], i.e., the FAT 70 curve in nominal stress and the FAT 100 curve in hot spot stress.
However, the improvement in welding technology can account for the difference since the curve in
Eurocode 3 is based mainly on fatigue test data obtained before the 1980s. For the TEU specimens,
the FAT values were 99.2 and 126.2 MPa in terms of nominal stress and hot spot stress, respectively.
Compared with CU specimens, the FAT value in TEU specimens increased by 24.5% in nominal stress
and 21.1% in hot spot stress, further indicating the effectiveness of TEUs in enhancing the fatigue
strength of rib-to-deck joints.

At the same time, the IIW method was also applied to derive the P–S–N curve of rib-to-deck joints,
under the survival rate of 95% and tolerant limit of the 75% for the estimators. The derived curves are
shown in Figure 9.
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Figure 9. P–S–N curve under the survival rate of 95%: (a) nominal stress and (b) hot spot stress.

Compared with the CU specimens, the FAT value in the TEU specimens were 34.1% and 28.5%
higher in terms of nominal stress and hot spot stress, respectively. It is worth noting that the FAT
values in Figure 9 are notably lower than that in Figure 8, even if the survival rate is reduced from
97.7% to 95%. The comparison between Figures 8 and 9 suggests that a more conservative P–S–N
curve can be obtained by the IIW method, since the uncertainty in estimators is considered. To this
end, it is suggested that the IIW method-based P–S–N curves in the fatigue design of rib-to-deck joints
be used. After rounded off with engineering experience, for rib-to-deck joints in OSDs using TEUs,
the FAT 90 and FAT 115 curves are proposed in terms of nominal stress and hot spot stress, respectively.
Meanwhile, for the joints in OSDs using CUs, the FAT 70 curve is proposed under the nominal stress
and while the FAT 90 curve is suggested when using the hot spot stress approach.

4. In-Situ Measurement-Based Fatigue Reliability Analysis

4.1. Analysis Method of Fatigue Reliability

In the reliability analysis, the major task is to solve the possibility that the resistance is lower
than the load effect, i.e., the limit state function (LSF) reaches zero or less. In the case of fatigue issue,
the LSF can be established, as shown in Equation (7) [3,24,26].

g(D, t) = ∆ −D(t) (7)
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where ∆ is the damage tolerant factor, assumed as 1.0 in this study; D(t) stands for the time-dependent
accumulation of fatigue damage.

The fatigue damage can be solved using the linear damage accumulation rule [37], as shown in
Equation (8).

D(t) =
∑ ni(t)

Ni
(8)

where ni(t) is the number of load cycles corresponding to stress range ∆σi; Ni is the allowable fatigue
life under the stress range ∆σi.

Through incorporating Equation (3), Equation (8) can be rewritten with an equivalent stress range
∆σre, as shown in Equations (9) and (10).

D(t) = ∆σm
re·N(t)/C (9)

∆σre =
m

√∑
∆σm

i ·ni(t)

N(t)
(10)

where N(t) is the total number of loading cycles; C and m are the material-related constant and power
index, respectively; ∆σre is the equivalent stress range.

In the case of material properties, as aforementioned, the power index m is usually assumed as a
deterministic value of 3 for welded joints in steel structure. Meanwhile, the constant C is assumed to
follow the lognormal distribution, and the distribution parameters can be derived by the test data.
According to [38], the damage tolerant factor ∆ follows the lognormal distribution, with the mean of
1 and coefficient of deviation (COV) of 0.3. The distribution parameters of the material properties are
summarized in Table 3. It can be found from Table 3 that, although the COV of the constant C is smaller
in TEU specimens than in CU specimens, the standard deviation of the fatigue strength is almost the
same for the two types of specimens. This can be attributed to the improvement in the mean fatigue
strength of TEUs specimen, i.e., more than 21% as previously illustrate in Table 2.

Table 3. Distribution of material properties.

Parameter Type
CU Specimens TEU Specimens

Nominal Hot Spot Nominal Hot Spot

C
Mean (×1012) Lognormal 2.271 4.299 4.068 7.586

COV 0.590 0.482 0.329 0.273

∆
Mean Lognormal 1.0
COV 0.3

m Mean Deterministic 3.0

In the case of load effect, the total number of loading cycles N(t) can be regarded as a
time-dependent deterministic value [39]. Meanwhile, the equivalent stress range can be solved
using the in-situ measurement data, which will be discussed in detail in the following section.

Since the random variables related to the LSF of fatigue issue follows the normal or lognormal
distribution, the analytic solution is available for the fatigue reliability β, as shown in Equations (11),
(12) and (13).

β =
(λC + λ∆) −m·log(∆σre) − log(N(t))√

ζ2
C + ζ2

∆

(11)

λC = log(µC) − log
(
1 + δ2

C

)
/2; ζ2

C = log
(
1 + δ2

C

)
(12)

λ∆ = log(µ∆) − log
(
1 + δ2

∆

)
/2; ζ2

∆ = log
(
1 + δ2

∆

)
(13)
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where µC and δC are the mean and COV of the material constant C; µ∆ and δ∆ are the mean and COV
of the damage tolerant factor ∆.

4.2. Derivation of Stress Spectra Using In-Situ Measurement

An OSD bridge in Chengdu, China was selected as the prototype for the further analysis of fatigue
reliability. The prototype bridge consists of a 68 m-long main span and two 45 m-long side spans,
which is a typical layout for urban steel bridges in China. The OSD system had been used in the bridge,
carrying a fast lane, a middle lane and a slow lane. The sectional view of the prototype bridge is shown
in Figure 10. Two critical details have been selected for the analysis, which are close to the frequent
footprint of vehicles.Appl. Sci. 2019, 9, x FOR PEER REVIEW 12 of 19 
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In order to consider the uncertainty in vehicles passing through the bridge, the stochastic traffic
model proposed in [27] was applied in deriving the stress spectra of the chosen details. The model
consists of both the vehicle model including the vehicle-related properties and the lateral distribution
of vehicles, which are described as random variables. Table 4 briefly illustrates the framework of the
stochastic traffic model, and details could be found in [27].

Table 4. Illustration of the stochastic traffic model [27].

Model Property Description

Vehicle model

Axle number The number of axles in a vehicle
Axle spacing The distance between the center of axles
Axle weight The weight of each axle in a vehicle
Axle track The distance between wheels in the same axle
Footprint The contact area of wheels on the deck

Lateral distribution
Occupancy rate The distribution of the vehicle in different lanes
In-lane position The lateral position of the vehicle within a lane

In the vehicle model, the property is modelled by random variables using the in-situ measurement
in [40,41]. According to the measurement, the vehicles can be divided into six different categories
based on configuration, as briefly shown in Figure 11.
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Apart from the vehicle model, the occupancy rate in the lateral distribution can be also determined
after the in-situ measurement shown in Figure 11. Besides, the distribution of the vehicle centre
suggested in Eurocode 1 [42] has been used for the in-lane position.

A multi-scale finite element (FE) model of the prototype bridge was established using ANASYS
software [43] to calculate the stress spectra of the chosen critical details, as shown in Figure 12. The FE
model was established with the 3-dimensional shell element SHLL93 [44], including the global model
of the entire bridge, the sub-model of the interested segment, and the local refined model of the critical
details. In the global model, relatively coarse meshing was used to balance accuracy and efficiency
since its task is to simulate the boundary condition of the interested segment. Compared with the
global model, a much more refined meshing was applied to the sub-model, which serves as a transition
between the coarse global model and the highly refined local meshing of the critical details. It is
worth stating that the multi-point-constrain (MPC) method [45] was used to connect the global model
and sub-model, through which the influence of difference on meshing size can be minimized. In the
sub-model, the highly refined meshing (with the minimum size of 2 mm) was employed near the
critical details to ensure the accuracy of stress results.
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In the FE model, all the shell elements are arranged in the middle plane, as suggested by
Hobbacher [36]. In solving the hot spot stress, the extrapolation method and reference points were kept
the same as in the fatigue test, i.e., the “0515” rule. Since the local bending has influence mainly on
the local nonlinear stress peak rather than the structural hot spot stress, the welds were not explicitly
modelled. To this end, the reference points in the FE model were selected through their distance to the
intersecting line between the deck plate and rib wall.

Based on the stochastic traffic model and multi-scale FE model, the in-situ measurement data was
transferred into stress spectra, using the procedures illustrated in Figure 13.
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The derivation is performed in a sampling-based way, in which the number of target samples is
set as Ntarget (i.e., 106 in this study). Through sampling with the measurement-based traffic model,
information of the mono-vehicle can be generated. The information is then input to the FE model to
calculate the stress history induced by the sampled vehicle, which is further processed to stress ranges
using rain-flow cycle counting [46]. After that, the derived stress range is archived in a database and
the above procedure will continue until the target number of samples is achieved. Finally, the stress
spectra can be established through statistics on the derived database of stress ranges.

4.3. Result and Discussion

Through the numerical approach illustrated in Section 4.2, the stress spectra of the two critical
details were derived using in-situ measurement data. Figure 14a,b, respectively, shows the stress
spectra of the two critical details D1 and D2 in terms of nominal stress. In both the spectra, the low-level
stress range accounts for the largest portion. It is worth noting that the two details are in different
lanes, while their stress spectra are highly similar. However, the similarity can be attributed to the
almost same proportion of heavy trucks in the slow lane and middle lane. As shown in Figure 11,
the occupancy rate is highly comparable in the two lanes for all the vehicle types except type V1,
which represents lightweight vehicles. As generally acknowledged, lightweight vehicles have a very
minor effect on the fatigue life of welded joints, even if their proportion are usually high in all the
vehicles types. Meanwhile, after carefully checking the stress ranges from 5 to 30 MPa, it can be found
that the stress ranges in the spectra of D2 are slightly higher than that of D1.
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Also, the stress spectra of the two details were derived in terms of hot spot stress, as shown in
Figure 15a,b.
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Overall, the distribution and difference in the two types of spectra are almost the same as that in
Figure 14a,b. However, the stress ranges in terms of hot spot stress are more continuous and even
distributed than in terms of nominal stress. The result indicates that the hot spot stress-based spectra
are able to reflect the randomness in vehicles more thoroughly than the nominal stress-based approach,
through which a better accuracy can be expected for the prediction on fatigue life.

Through incorporating the above stress spectra into the calculation method in Section 4.1,
the fatigue reliability of the two critical details can solved. It is worth stating that the average daily
traffic (ADT) is determined by the measurement data in [41], i.e., 5302 vehicles per direction per
day. Besides, a design service life of 100 years is usually recommended for bridge structures [20,22].
However, for some vital structures such as the Hong Kong–Zhuhai–Macao bridge, an extended design
life of 120 years can be applied [47]. To this end, the design lifespan of 120 years has been used in the
reliability analysis. Based on the above analysis, the fatigue reliability can be solved for the two critical
details in the OSD using CUs and OSD using TEUs. Figure 16a,b illustrates the reliability solved in
terms of nominal stress, relating to the critical details D1 and D2, respectively.
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Figure 16. Reliability in terms of nominal stress: (a) critical detail D1 and (b) critical detail D2.

As suggested by JCSS [48], the target reliability of 2.3 and 1.3 can be used for service limit checks
when the efforts for enhancement are low and high, respectively. Thus, prediction can be made on
the fatigue life using the two values above as the upper limit and lower limit of target reliability. It is
worth stating that the target of 2.3 can be treated as a warning sign that inspection is required when
the reliability is below 2.3, while the target of 1.3 can serve as a criterion for the fatigue life prediction.
According to the result, in the OSD using CUs, the fatigue reliability of D1 reaches the upper limit
after 67 years but stays above the lower limit up to the end. Meanwhile, the fatigue reliability of D2
reduces to the upper limit after 56 years and then the lower limit after 104 years. The result means
that the design fatigue life of D2 is estimated as 104 years in terms of nominal stress. By contrast,
in the OSD using TEUs, the fatigue reliability of both the two details is well above the upper limit line.
The comparison suggests the fatigue life of rib-to-deck joints can be notably improved through the
application of TEUs in OSDs.

The analysis has also been made in terms of hot spot stress, as shown in Figure 17a,b. In the
OSD using CUs, the fatigue reliability of D1 reaches the upper limit after 43 years and then the lower
limit after 74 years. A similar trend is shown in the reliability of D2 that the two limits are reduced to
after 38 and 66 years, respectively. In the OSD using TEUs, the upper limit is reached in the details
D1 and D2 after 109 and 97 years, respectively. However, the reliability of the two details stays well
above the lower limit up to 120 years. The result in terms of hot spot also suggests an enhancement
in fatigue life of RD joints by using TEUs. Meanwhile, it is worth noting that the reliability solved
in hot spot stress is much lower than in nominal stress, indicating the conservativeness of the hot
spot stress. Through considering the hot spot result with the lower limit, in the OSD using CUs,
the design fatigue life can be predicted as 74 years for D1 and 66 years for D2. Under the same
assumption, in the OSD using TEUs, the design fatigue life of D1 and that of D2 are well above
120 years. Besides, comparison can also be made based on the design fatigue life determined using the
upper limit. As a result, the design fatigue life of D1 is 43 years in the OSD using CUs and 109 years in
the OSD using TEUs, i.e., enhanced by about 153%. Similarly, for the detail D2, the design fatigue life
is 38 years in the OSD using CUs while 97 years in the OSD using TEUs, i.e., about a 155% increment.
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5. Conclusions

In this paper, the fatigue performance of rib-to-deck (RD) joints in orthotropic steel decks (OSDs)
was evaluate in a probabilistic way, using the fatigue test data and in-situ measurements. Two types
of OSDs are investigated, including the OSD using conventional U-ribs (CUs) and the OSD using
thickened edge U-ribs (TEUs). Fatigue tests were first carried out on the rib-to-deck specimens.
Based on the test data of 18 specimens, the probability–stress–life (P–S–N) curve was derived for RD
joints in the OSD using CUs and the OSD using TEUs, respectively. Then, an OSD bridge in China
was selected as the prototype for further analysis. Through the stochastic traffic model, the in-situ
measurement data was employed to derive the stress spectra of the critical RD joints, along with the
multi-scale finite element (FE) model of the prototype bridge. After that, an analytic solution-based
method was applied to calculate fatigue reliability of the critical joints based on the test data and
derived stress spectra. Finally, comparisons have been made between the RD joint in the OSD using
CUs and the one in the OSD using TEUs, in terms of the fatigue reliability.

According to the above analysis, the following conclusions can be drawn:

(1) As per the fatigue test of rib-to-deck specimens, under the cyclic loading, the fatigue crack
initiates at the deck toe and then propagates along the thickness and length of the deck plate
until it penetrates through the deck plate and cause failure. The test result also proved the
effectiveness of TEUs in enhancing the fatigue performance of RD joints. In the case of mean
value, compared with the CU specimens, the fatigue strength of TEU specimens was 21.4% higher
in nominal stress and 21.1% higher in hot spot stress.

(2) Based on the test data of 18 specimens, P–S–N curves of RD joints were derived for the OSD using
CUs and the OSD using TEUs, respectively. In the derivation, the statistics method proposed
by IIW was employed after analysis, in which the survival rate of 95% is considered with the
confidence of 75% for estimators. As a result, the FAT 90 and FAT 115 curves are suggested for
the fatigue check of RD joints in the OSD using TEUs, in terms of nominal stress and hot spot
stress, respectively. Meanwhile, for the RD joints in the OSD using CUs, the FAT 70 and FAT 90
curves are, respectively, recommended under the nominal stress and hot spot stress approaches.

(3) A probabilistic framework was proposed to derive the stress spectra using the in-situ measurement
data. In the derivation, a stochastic traffic model was applied to reflect the in-situ measurement of
vehicles. Meanwhile, the multi-scale FE model of the selected prototype bridge was established
to transfer the stochastic traffic into stress spectra. Through the large-scale sampling, the stress
spectra of two critical RD joints were derived.

(4) Based on the S–N approach, the limit state function of fatigue cracking was established.
Then, investigations were then performed on the fatigue reliability of the two critical RD
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joints selected, with the consideration of test data and in-situ measurements. The result indicated
that the fatigue life of RD joints can be notably improved by using TEUs. For instance, under the
target reliability of 2.3, the fatigue life of the two critical joints under the hot spot stress
approach is increased by 153% and 155%, respectively. Meanwhile, the result also indicates the
conservativeness of the hot spot stress approach over the nominal stress approach.
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