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Abstract: Orthotropic steel deck (OSD) bridges are lightweight constructions which are convenient,
especially for the achievement of long spans. Conversely, due to the stress concentration in corre-
spondence to the numerous and unavoidable welded construction details, this bridge typology is
prone to fatigue cracking under the effect of cyclic loading with high-stress amplitudes. Existing OSD
bridges are particularly vulnerable to fatigue damage accumulation because of the dated standards
adopted at the time of their design and the fact that heavy lorries have increased in travel frequency
and weight. In the present paper, a case study of a northern Italian existing highway viaduct, built in
the 1990s, is presented and analyzed. The fatigue damage accumulation was carried out according to
the fatigue load models for road bridges reported in Eurocode EN 1991-2 and the assessment criteria
indicated in EN 1993-1-9. The stress amplitude, in correspondence to the critical details of the bridge,
is assessed by means of detailed finite-element calculations carried out with the software MIDAS
GEN®. The amplitude and frequency of the travelling weights are assessed based on real traffic
monitoring from the highway. Moreover, an automatic “rain-flow” algorithm is implemented, which
is able to detect each nominal stress variation above the fatigue limit. In general, the bridge is not
fully compliant with today’s standards when considering the entire duration of the prescribed life of
the design. Countermeasures, like lane number reductions and lane reshaping, are critically analyzed
since their effectiveness is questionable as far as the reduction in heavy traffic is concerned. Other
interventions, like the replacement of the pavement in order to improve the stress redistribution upon
the connection details below the wheel footprint, and continuous bridge inspections or monitoring,
look more promising.

Keywords: existing bridges; orthotropic steel deck; fatigue damage; fatigue load model

1. Introduction

Light orthotropic slab decks have brought significant benefits as far as the design
of bridges with long spans is concerned. The traffic loads acting on an OSD system are
redistributed in two orthogonal directions, which are characterized by different stiffness
properties. In addition, deflection-induced secondary stresses [1] take place, and the actual
stress state is difficult to assess. As shown in the literature [2], it is possible to break down
the system into several independent subsystems that can be separately analyzed [3] and
then combined with the superposition principle of the effects to obtain the total linear
elastic response, especially when manual calculations are involved.

At the same time, they require a significant number of elements welded or bolted together.
In correspondence to these connections, the presence of welding residual stresses [4-6] and
stress concentrations are superimposed on the oscillating stresses due to the travelling
loads, especially caused by heavy lorry traffic. During the last few decades, fatigue cracks
were often observed in correspondence to the welded and bolted joints of in-service OSD
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bridges since they act as crack initiation sites. Hence, the orthotropic steel deck bridges are
prone to fatigue cracks, which can substantially affect the service and ultimate state of such
structures [7].

As stated in [8], the most common fatigue-prone details in the OSD bridges are the
rib-to-deck welded connections, the rib-to-floor beam welded joint, the floor beam cutout
details, and the butt weldings in the longitudinal ribs.

During the bridge inspections, it was noticed that most of the fatigue cracks initiate at
the root or toe of the rib-to-deck welded joints and subsequently propagate within the steel
deck [9]. Kainuma et al. [10] performed cyclic tests on 19 full-scale orthotropic steel deck
specimens by using a servo-hydraulic testing machine in order to study the behavior of
fatigue cracks at the weld root of the rib-to-deck joints. A total of six different kinds of OSD
specimens were fabricated with different plate thicknesses and weld penetration rates. In
particular, the effects of the plate thickness and the weld penetration rate were investigated
by measuring the crack length and crack depth during the fatigue test. Subsequently, a
finite element analysis was performed to check the stress distribution close to the weld
root, which confirmed the test results. Bohai et al. [11] performed FEM analyses to study
the root-deck-fatigue performance of the Taizhou Bridge in China. An equivalent stress
range of multi-axles was adopted by using the Palmgren—Miner rule. Furthermore, the
pavement-deck interaction was analyzed in terms of stress ranges that occurred close
to the weld root and fatigue lifetime. Three different configurations between the deck
plate and pavement were considered in the analyses, i.e., without interaction, dispersal
model, and with interaction. It was found that a decrement of 70% in the stress range can
be achieved by considering explicitly the pavement flexural rigidity with respect to the
without interaction case. As a consequence, by considering the pavement-deck interaction,
it was demonstrated that the predicted life of the root-deck fatigue cracks increased by
more than 20 times with respect to those obtained without interaction. A similar study was
conducted by Wang et al. [12], who investigated the effect of load dispersal through asphalt
surfacing on the fatigue behavior of rib-to-deck welds. Different deck plate thicknesses and
temperatures were considered in the analyses, demonstrating the overall positive benefits
of loading dispersal on the fatigue performance of rib-to-deck welded joints. Zhang et al. [9]
proposed an innovative rib-to-deck joint in OSD bridges with both-sided fillet welded
joints to enhance their fatigue lifetime. The fatigue analysis was performed by adopting the
effective notch stress approach. Finite element simulations demonstrated that the use of this
innovative welded joint reduced the effective notch stresses compared to those obtained
with conventional single partial penetration weldings. Wang et al. [13] performed fatigue
tests on rib-to-deck welded joint specimens. All the specimens failed due to fatigue cracks
initiated at the weld root of the rib-to-deck welded joints due to the lack of penetration and
high-tensile residual stresses. Furthermore, strain gauges were applied to the specimens to
monitor the continuous degradation of the OSDs during the tests. A stiffness redistribution
was found during the crack propagation between the damaged material and the section not
yet cracked. In addition, significant differences in terms of fatigue performance were found
between root-deck and toe-deck crack failure modes, independently of using the nominal
and hot-spot stresses. Thus, it was concluded that the assessment of fatigue performance of
root-deck failures by adopting S-N design curves obtained for the toe-deck crack mode can
be unsafe since it can lead to an overestimation of the actual fatigue lifetime of OSD bridges.

Another critical point in OSDs is represented by the fatigue cracks at the rib-to-floor
beam welded joints, which can accelerate the damage to this kind of bridge. To this aim,
Huang et al. [14] performed fatigue tests on nine rib-to-crossbeam welded specimens in
order to investigate their fatigue cracking features and their fatigue resistance. It was
found that fatigue cracks had initiated from the weld toe of the rib-to-floor beam and
subsequently propagated at the rib wall in the longitudinal direction. Furthermore, the
nominal fatigue resistance of the tests was compared with S-N curves from different
standards. Subsequently, the hot-spot stress and effective notch stress methods were
adopted to assess the fatigue resistance of rib-to-floor beam joints. In this way, it was
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possible to obtain the corresponding S-N curves, which were subsequently compared with
the fatigue data available in the literature. A more recent study on the fatigue behavior
of rib-to-floor beam welded joints was performed by Cheng et al. [15]. More specifically,
they investigated the positive effect of ultra-high-performance concrete-reinforced slabs to
extend the fatigue lifetime of OSDs. To this aim, three full-scale rib-to-floor beam welded
joints were subjected to fatigue loadings to investigate their fatigue failure modes, crack
initiation modes, crack propagation paths, vertical rigidity degradation, and fatigue life.
It was found that the application of the UHPC-reinforced slabs on the OSD led to an
important increment in the fatigue lifetime compared to those of unreinforced specimens,
as well as a sensible reduction in vertical displacement and flexural rigidity being obtained.

The fatigue failure could also occur at the cutout detail. In fact, during a visual
inspection of the Pingsheng Bridge located in China, several cracks were found on the
web of the floor beam near the cutout detail [16]. More in detail, it was observed that
the fatigue cracks initiated at the cutout detail and propagated on the floor beam web.
Therefore, several countermeasures were adopted. In particular, 13 uniaxial strain gauges
were applied on the floor beam web around the cutout. In this way, it was possible to
conduct long-time field measurements under actual traffic loading to monitor the stress
distribution around the cutout detail. After that, the stress range spectrum was obtained,
so that the equivalent constant-amplitude stress range was assessed according to AASHTO
LRFD. Therefore, the fatigue lifetime of this existing bridge for the cutout detail was
estimated under the current traffic demand, which was much lower than the design life of
the bridge prescribed by the standards. After that, multilevel FEM models were performed
by adopting the fatigue track of AASHTO LRFD. It was found that the fatigue lifetime of
the cutout detail is close to the experimentally observed one, differing only by adopting the
fatigue category B of AASHTO LRFD. Finally, the influence of web thickness on fatigue life
was studied. From these analyses, it emerged that infinite fatigue life could be expected
only if a diaphragm thickness of 14 mm is adopted. At the same time, Zhu et al. [17] studied
the fatigue performance of two new types of cutout geometries based on field monitoring
and FEM analysis. The experimental and numerical results demonstrated that the new
cutout geometry led to an increment in the stress range in the floor beam web, resulting
in a decrement in the fatigue life. Conversely, a reduction in the out-of-plane stress of the
floor beam web was found.

Another location in OSD bridges that is prone to fatigue cracks is the rib butt-welded
and bolted joints. To this aim, Chen et al. [18] performed experimental fatigue tests under a
constant cyclic loading amplitude to investigate the fatigue behavior of U-rib connections.
The fatigue cracks occurred in the connection regions. After that, the equivalent amplitude
stress range was assessed for the four different welded and bolted joints so that it was
possible to plot an S-N diagram. From a comparison with S-N curves, given by AASHTO
and Eurocode, it emerged that the fatigue-resistance of full penetration butt weldings
is much higher than those recommended in the standards. Eventually, FEM analysis
was performed to quantify the stress range reduction in the butt-welded joints due to
an increment in the rib thickness and a decrement in the weld size. Analogously, stress
amplitude reduction can be obtained for the bolted joints by adopting thicker and wider
splice plates. The fatigue response of a U-rib can also be improved by introducing inner
bulkheads and stiffeners. To this aim, Zhu et al. [19] performed fatigue tests on full-
scale OSD specimens stiffened with the application of inner bulkheads. The strain gauge
measurements showed an important decrement close to the stress amplitude in the rib-floor
beam connection due to the application of the inner bulkheads. This experimental evidence
was confirmed by FEM analyses, through which the hot-spot stresses were assessed. Similar
studies were carried out by Li and Zhu [20], who investigated the effect of full internal
bulkheads on the fatigue performance of OSDs by means of strain gauge monitoring.

The fatigue life assessment of the OSD details is mostly based on the application of the
American Association of State Highway and Transportation Officials-LRFD Bridge Design
Specifications, Eurocode 3, and International Institute of Welding Recommendations. The
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use of both nominal and hot-spot normal stresses are allowed for the fatigue checking of
the details.

As far back as two decades ago, Dong [21] proposed a new mesh-size, insensitive,
traction, structural-stress method. In this context, based on equilibrium conditions, Dong
derived an analytical expression for simple structural stress distribution in the form of a
membrane and bending components, which is equivalent to the local trough-thickness
stress distribution close to the welded joint and is mesh-size independent. A few years
later, the same author [22,23] introduced the concept of equivalent structural stress range
parameters with the aim of collapsing fatigue data collected from different joint geome-
tries, thicknesses, and loading modes onto a unique “master” S-N curve. More recently,
Yang et al. [24] performed tests on six full-scale OSD specimens to study the fatigue cracks
initiated from the toe of the rib-to-deck welded connections with the application of the
equivalent traction structural stress-range parameter. The existing fatigue experimental
results and those obtained by Yang et al. were used to derive a master S-N curve for weld
toe-U rib failures. Furthermore, the same authors [25] studied the effect of the length scale,
residual stress, angular misalignment, and stress ratio on the fatigue behavior of single- and
double-sided U-rib weldings with the application of the equivalent traction structural stress
range parameter. In addition, an enhancement of the traction structural stress was pro-
posed by Yang et al. [26] to analyze OSDs under multiaxial states, whereas Pei et al. [27,28]
introduced the concept of the equivalent structural strain-range parameter to model the
fatigue performance of welded structures from the LCF to HCF regime. Another method to
predict the fatigue strength of welded joints is based on the notch-stress method approach.
Sonsino [29] and subsequently Karakas et al. [30] investigated the influence of fictitious
notch radii on the fatigue resistance of wrought magnesium alloy AZ31 by means of Neu-
ber’s stress averaging method so that local stress-based S-N curves could be derived. At
the same time, an alternative local stress approach, based on the critical distance concept,
was used to assess the fatigue resistance of magnesium-welded joints [31]. From this study,
it was found that the critical distance was constant with the notch radius, as well as a
lower scatter of the existing fatigue experimental data. Therefore, it was concluded that the
critical distance method was more effective to predict the fatigue strength of welded joints
compared to Neuber’s stress averaging approach. Luo et al. [32] proposed the application
of an averaged strain energy density method for the fatigue assessment of rib-to-deck
welded joints in OSDs. After that, fatigue tests on full-scale OSD specimens were carried
out, and the corresponding averaged SED-N curve was obtained.

An alternative way to assess the fatigue lifetime of OSD bridges is based on the
application of linear elastic fracture mechanics. To this aim, Wu et al. [33] investigated
the fatigue crack of rib-to-deck welded joints initiating from the weld toe. More in detail,
the effect of different initial crack depths and crack shapes, as well as different welding
profiles, was investigated via LEFM. The same method, based on LEFM, was exploited
by Maljaars et al. [34], who studied the fatigue behavior of fatigue cracks initiated from
the weld root. From the application of this model, an S-N curve was provided, which was
compared with existing experimental results. A good agreement between the predicted
5-N curve and the experimental results was found. Wang et al. [35] applied Paris’ law to
predict the propagation of toe-deck fatigue crack in rib-to-deck weldings. Furthermore, the
effects of welding residual stresses, the initial crack aspect ratio, the loading amplitude,
and the deck thickness on fatigue crack propagation were also investigated. Xiao et al. [36]
explored the effect of incomplete weld penetration on butt-welded joints in terms of fatigue
life by using the LEFM. More in detail, different depths of incomplete penetration were
adopted in the simulation, and the corresponding S-N curve was assessed. It was found
that incomplete penetration of 3-4 mm could lead to a very short fatigue life for the U-rib
welded joint, and as a consequence, single side groove-butt weldings should be avoided.

Finally, it is worth noting that the phenomenon of fatigue can be dramatically wors-
ened in the case of poor maintenance of the bridge [37,38]. In fact, corrosion not only
provides a decrease in the resisting cross-section of the structural element, but the crack
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nucleation and the subsequent propagation can be substantially affected. As a result, the
fatigue limit can diminish or even vanish, and, in general, the fatigue life reduces due to
the increased crack propagation rate. Recently, some of the authors of the present paper
have shown that the phenomenon can be particularly subtle when small amplitudes are
combined with a very high number of cycles (the so-called very-high cycle fatigue (VHCF))
and corrosion, even for other viaduct typologies [39,40].

2. The Orthotropic Bridge Deck Structural System

The orthotropic bridge deck slabs consist of a thin plate stiffened by longitudinal “ribs”
and supported by transverse “floor beams” that provide different stiffnesses in the two
orthogonal directions (Figure 1).

Butt joint in the deck plate

rf DECK PLATE

/ Welded all around

LONGITUDINAL RIB

Rib-to-Deck joint

MAIN GIRDER

Rib-te- Web joint

FLOORBEAM

Figure 1. Components of an orthotropic slab deck (re-adapted from [3]).

This construction system originated in America in 1930 from the AISC (American
Institute of Steel Construction), which proposed a new approach aimed at the design of
bridges [41], with particular attention paid to their weight to ease the design and the
construction of bridges made completely from steel [42].

According to the description available in the literature [3], since the longitudinal
ribs and transverse beams are orthogonal “ORTHOgonal” and since, in both directions,
their elastic properties are different or anisotropic “anisoTROPIC”, the whole system
became known as orthogonal-anisotropic or, briefly, orthotropic. The word “orthotropic” is
attributed to German engineers, and the patent was registered in 1948 [2].

Orthotropic steel plate (OSD) decks were used extensively after the Second World War
in large-span bridges due to many advantages, such as low weight, high strength, fewer
connections, durability, quick construction, and life cycle economy [43].

2.1. Fatigue Phenomenon in the Orthotropic Plates

The phenomenon of fatigue on steel bridges began to be studied in the 1960s when
many structures in America and Europe showed structural collapses with fatigue fractures.

According to ASTM standards [44], “Fatigue is a permanent, progressive and localized
process of structural change in a material subject to conditions of stress and deformation
that vary over time and can lead to the formation of cracks and/or fracture after a sufficient
number of cycles”.

The life of a structural element subjected to fatigue is divided into three phases:

e Nucleation: the period of life for the detail from the undamaged state up to the forma-
tion of a superficial defect starting from the initial microscopic damage;

e  Stable propagation: increase in the size of the damage inside the material in a direction
orthogonal to the applied stress field;

o Collapse and final failure: following the propagation of the crack, the resistant section is
no longer able to withstand the applied load.
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The mean stress has a significant influence on fatigue behavior since tensile mean
stress tends to decrease fatigue life, whereas compression mean stress increases the fatigue
resistance of the structural elements [45]. In addition, as far as the mean stress is concerned,
the additional presence of residual stress must carefully be accounted for (Figure 2).

ia With residual tensile stress

Applied stress

Tmax ]

-
Q

L Ao

Tension

[ -
1 cycle

iC Tpression

Figure 2. Parameters of cyclic action and influence of residual stresses.

Based on experience, damage due to fatigue in orthotropic plate bridges can be
potentially caused by:

Defects in the welds;

Local vibration of the ribs and plates;

Adoption of construction details that are not very suitable for fatigue resistance;
Exposure to the corrosive environment;

Development of surface defects;

Onset of secondary stresses not foreseen in the project.

Traffic loads induce cyclic stresses in a large number of critical points of the orthotropic
plate [46], causing failure potentially at:
e Rib weld-deck: this connection is particularly stressed during out-of-plane bending
(Figure 3);
Rib weld-transversal beams: stress concentration is mainly caused by vehicular transit;
Web-beam welds: where normal, tangential, and bending stresses are observed in the
two different planes (Figure 4).

Lack of
penetration

Penetration

Throat
DECK PLATE

LONGITUDINAL RIB

Figure 3. Rib-deck connection [46].

2.2. Models for the Fatigue Assessment
2.2.1. Wohler’s Curve

Wohler’s curves are obtained through uniaxial cyclic load tests [47-52] at a con-
stant amplitude up to failure on the virgin specimens. These curves are plotted on a
bi-logarithmic scale and relate the nominal stress range, Aog(normal or tangential compo-
nents), with the number of cycles that lead to failure, N (Figure 5). In general, due to the
nature of travelling loads, the stress range is not constant. Therefore, a stress range spec-



Infrastructures 2022, 7, 135

7 of 30

trum must be considered, and a criterion to assess the overall fatigue damage accumulation
is necessary.

‘Wheel load distribution
assurmed in design

S~ Likely actual load

distribution ower the rib

DECE PLATE
Location of cracks )
in deck plate Deflection
of deck plate
LONGITUDINAL RIS = FLOORBEAM WED

SECTION

Bending moment  Beénding moment
resisted by resisted by deck plate Wheel load destribution
— g}

deep T-section ssumed in design
Bending marment
resistad by FLOORBEAM \WEB
dock plate |
]
il DECK PLATE
i : Effective width of
Constricted stress flow ! deck plate resisting
in the plate | | transverse moment
at transition
PLAN
I
Tight fit diaphragm
DECK PLATE again deck plate
FLOORBEAM WEB
Interior diaphragm in the plane of floorbearn web
prowviding support of deck plate

Figure 4. Rib connection-cross beam [46].

2.2.2. Palmgreen—-Miner Linear Damage Accumulation Criterion

It is assumed that each stress range is responsible for the accumulation of a fraction of
damage, which is proportional to the elapsed fatigue life at each stress range. Therefore,
the overall damage, D, will be the sum of each D; induced by the application of #; load
cycles, with a constant stress range, Ac; 4, as follows:

D= 1)

M-
zl=E

Il
—

=

D; =
1

~.

where:

e n;: number of cycles with a constant stress range Ac;y = Ac; 7y Obtained by the
load spectrum;

e N;: fatigue life for constant stress range Ac; 4, obtained from the S-N curve provided
in the standards [53,54].

Note that if 0 < D; < 1, then the detail is damaged, while if D; > 1, fatigue failure
occurs. Moreover, it is obvious that if n; = N; for a certain stress amplitude, the fatigue
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failure is immediately achieved, whereas the fatigue collapse can be reached even if none
of the single stress ranges alone has accumulated D; = 1.

Detail category Am,
Constant amplitude fatigue limit Aep,
Cut-off limit A,

108

m=3

Stress range Aoy (N/mm?)

10 -

10* 10 10° 2 5 107 10° 10”

Mumber of cycles N
Figure 5. Fatigue resistance Wohler’s curves based on the nominal stress range [53].

2.3. Normative Approach

Traffic on bridges produces a stress amplitude spectrum that can cause fatigue damage.
The fatigue spectrum depends on the geometry and weight of the vehicles, the number of
axles, the distance between a vehicle and the following one, and the composition of traffic
and its dynamic effects. The European standards (EN 1991-2 e EN 1991-9) explicitly define
five fatigue load models to be adopted for the fatigue assessment of road bridges.

In section §4.6 of the UNI EN 1991-2, the following fatigue models are defined:

o Fatigue load model 1 (FLM1), prescribes infinite fatigue lifetime, stress range
is assumed based on static calculation without any calculation of load cycles,
very conservative;

e Fatigue load model 2 (FLM2), prescribes infinite fatigue lifetime, stress range is
assumed from an ideal frequent configuration without any calculation of load
cycles, conservative;

e  Fatigue load model 3 (FLM3), prescribes the assessment of damage accumulation with
an equivalent stress range and traffic volume;

e  Fatigue load model 4 (FLM4), prescribes the assessment of damage accumulation
based on a set of heavy lorries with assigned relative traffic frequency;

e Fatigue load model 5 (FLM5), prescribes the assessment of damage accumulation
based on the experimental assessment of the fatigue spectrum.

Welded joints can be categorized according to their connected elements. EN1993-1-9

associates a category and a characteristic resistance to each type of joint, as shown in
Figures 6-8 and Table 1:
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Figure 6. Nomenclature details—Eurocodice EN1993-1-9.
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Figure 7. Table 8.8 UNI EN 1993-1-9—Construction details of closed rib in orthotropic plates (1/2) [53].

Table 1. Detailed categories according to the Eurocode EN1993-1-9.

Type of Intersection Welding Category
1. Rib—deck 50,71
2. Rib—-cross-beams 36,71, 80
3. Rib or web—cross-beams 50,71
4, Rib—rib 80,90, 112
5. Deck plate 80,90, 112

To verify the fatigue life in practice, a load spectrum is assigned, which provides
the number of repetitions of each level of the design actions in a reference time interval,
depending on the intended use of the structure and the intensity of use.

For the fatigue checks, the design stress range, Ac; 4, is identified by multiplying the
stress range spectrum, Ac;, by the partial safety factor for fatigue checks, yy;¢ (Table 2).

Aviq = Aoi Ymf 2)
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Figure 8. Table 8.8 UNI EN 1993-1-9—Construction details of closed rib in orthotropic plates (2/2) [53].

Table 2. Partial safety factor for fatigue checks.

A t Consequence
ssessmen Low Consequence High Consequence
Damage tolerant 1.00 1.15
Safe life 1.15 1.35

2.3.1. Normative S-N Curve

According to the geometry of the element and the type of welding, the UNI EN
1993-1-9 [53] provides (at §7.1) the Wohler’s curves, indicating the stress range (normal or
tangential) vs. the fatigue lifetime on a bi-logarithmic scale. All curves composing the set
are parallel, and each curve is characterized by convention, detail category, and Aoc (value
of the fatigue strength at 2 million cycles, expressed in N/mm?). It is also characterized
by the constant amplitude fatigue limit (CAFL), Aop, at 5 million cycles, which represents
about 74% of Aoc. The slope coefficient, m, is equal to 3 for lives shorter than 5 million
cycles. For constant stress amplitude equal to or below the CAFL, the fatigue life is infinite.
The CAFL is fixed at 5 million cycles for all detail categories. This is not exactly the case in
real fatigue behavior but has advantages for damage sum computations. Under variable
amplitude loadings, the CAFL does not exist but still has an influence. Thus, a change
in the slope coefficient is made, with the value m = 5 being used between 5 million and
100 million cycles. This last value corresponds to the cut-off limit, Aoy, which corresponds
to about 40% of Acc. By definition, all cycles with stress ranges equal to or below Aoy can
be neglected when the fatigue damage sum is computed [45].

The equation for the S-N curve for nominal normal stresses is defined piecewise:

1
6\ m
Aog = Ac <2X10) N < 5 x 10° with m = 3 3)
5 x 106 772
AaR_AaD( XN ) 5x10° < N <10® withm =5 (4)

Aog = Aoy, if N > 108 (5)
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where:
1/3
e Aop = <5> X Aoc = 0.737 x Aoc 6)
1/5
o Aoy = (100> X Aoc = 0.549 x Ao 7

2.3.2. Unlimited Fatigue Life Approach

This verification, adopted for FLM1 and FLM2, is conservative and can be used for
all types of details subject to fatigue actions. EN 1993-1-9 does not explicitly provide a
specified relationship [45], but this arises as a logical consequence of the acceptance of a
fatigue limit at 5x 10° cycles (total number of cycles from the stress histogram).

For structural steels, the fatigue tests at stress intervals of variable amplitudes show
that the fatigue life of the structural details is unlimited and, therefore, not sensitive to
the phenomenon of fatigue if the maximum design value of the stress amplitudes Aoy ;
remains below the calculated value of the design fatigue limit Aop /vy

A
max(Acgy;) < v% ®)

where:

e max (Aogg,): design value of the maximum stress range spectrum Aoy, = Ao; Yy
and induced in detail from FLM2, with Ac; = |o; max — 0i, MIN|;

e  Aorp: fatigue strength taken as the constant amplitude fatigue limit of the considered
construction details;

e ps: partial factor for stress range;

e My partial factor for fatigue strength.

This fatigue load model consists of a set of five idealized lorries defined by axle
arrangement and frequent loads for Qy; axles [55] located in the slow lane (Figure 9).

VEHICLE TYPE [ TRAFFIC TYPE

1 2 | a3 4 5 1

Long | Medium| Local
distance | distance | traffic

LORRY Axel  |Equivalent| Lorry Lorry Lorry | Wheel |

spacing axel loads _p—ru-n!‘m-'ip\-n entage| percentage type
(m) (kN)
45 70 20.0 40.0 80.0 A
130 B
© (=]

420 | 70 | 50 | w0 | s0 | A

1.30 120 B

120 B

o o0

320 | 70 | 500 | 300 | 50 | A

5.20 150 B

1.30 a0 C

o © coo 130 | %0 c
90 [

340 | 70 | 15.0 [ 15.0 T30, [ A

6.00 140 B

1.80 90 B

o o oo o =
[“as0 | 7 | 100 | 50 | 50 | &

3.60 130 B

440 a0 C

o O 0 00 1.30 80 C
80 C

Figure 9. Table 4.7 UNI EN 1991-2—Set of equivalent lorries of FLM4 [55].

The shape that produces the maximum stress range, Aopax or ATpax, on the details
is accounted for by the assessment. Usually, a preliminary check is always performed
according to the unlimited fatigue life approach, thanks to the simplicity of the method. If
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the check is failed, the designer must rely on more demanding calculations based on the
assessment of fatigue damage accumulation.

2.3.3. Fatigue Damage Accumulation Approach

If the service loads are known, the assessment can be alternatively performed on the
basis of damage accumulation [56,57], as indicated in EN 1993-1-9 according to FLM3,
FLM4, and FLM5.

The fatigue load spectrum can be evaluated with two cyclic counting methods: the
rain-flow method or the reservoir method. These two methods can determine:

e the stress variation intervals and their number of cycles;
e the mean stress, where it is necessary to consider the influence of the mean stress.

It is necessary to check that the damage D, induced by the stress range spectrum of
the FLM4, evaluated by the Palmgren—-Miner law, is less than the limit damage, D,y

n

n

Nng;

Dd:ZDi:Z,NRli < Dpax =1 )
i i

where:

e  ng;: number of cycles with a constant stress range Ao, ; induced by the load spectrum
during the lifetime prescribed for the analysis;

e  Np;: resistance (in cycles) obtained for a constant stress range Aoy, ;, considering
the partial factors, yrr and 7y, derived from the design S-N curve for the consid-
ered detail;

®  Dyyy = 1: limit damage value.

In the case of the presence of both normal and tangential stresses, the assessment of
fatigue strength shall consider their combined effects using appropriate damage combina-
tion criteria.

The S-N curves that are available in the consolidated literature refer to the nominal
stresses. For the construction details of which the fatigue resistance curve is not known, the
stress range may refer to geometric or peak stresses, which apply to the main stresses in
the base metal near the potential crack according to the specific modalities and limitations
of the method in the field of fracture mechanics.

The lorries of the FLM4 have three types of axes (Figure 10) because they differ in
wheel spacing and wheel size (A-B-C).

WHEEL/AXEL TYPE GEOMETRICAL DEFINITION

2000.00
- X =}
A g I g
! i
»

2000.00

.| ‘mm - 4mm

220 220

320

540 540

2000.00

i
=

Figure 10. Table 4.8 UNI EN 1991-2—Dimensions of axles and footprints for equivalent vehicles [55].



Infrastructures 2022, 7, 135

13 of 30

3. Case Study: Fatigue Life Assessment of an Existing OSD Viaduct

The case study of a northern Italian existing highway viaduct designed at the end
of the 1980s is here considered in order to provide a fatigue life assessment according to
today’s standards, briefly described in the previous section. The steel viaduct is composed
of two independent carriageways, both with three spans supported by four 35.00 m high
reinforced concrete piers (Figure 11). The orthotropic steel deck (OSD) of each carriage is a
box girder (Figures 12 and 13) with variable depths ranging between 3 m in correspondence
to the two transversal joints and 5.00 m along the central span.
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2
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Figure 11. Longitudinal view of the two carriageways of the case study.
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Figure 12. Transversal section of the case study.

3.1. Numerical Model

In order to calculate the stress state in the connection details of the orthotropic steel
deck for subsequent fatigue life assessments, a finite element model of a deck portion,
having a size of 4.54 m in the transverse direction, 15.0 m in the longitudinal direction, and
0.79 m in height, was utilized (Figure 14).

The preliminary checks according to FLM?2 failed; therefore, the FLM4 was chosen
based on the available information about the traffic loads.

The commercial finite element software MIDAS GEN® [58] was used. The program
allows for automatic mesh refinement, thanks to an “Edge Size Control” subroutine aimed
at optimizing the mesh by making it finer close to the notches and the stress concentra-
tion regions.
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Figure 14. Representation of the shell structural model for nominal stress assessment in the connection
details carried out with the MIDAS GEN® software (version GEN2021 v3.2, MIDAS Information
Technology Co.Ltd., Milan, Italy).

The thicknesses assigned in the FEM were: 10 mm for the top plate of the platform,
7 mm for the “v” rib, 10 mm for the web of the transverse beams, and 12 mm for the
thickness of the box.

The geometry of the model was built with the module MIDAS GEN®. The following

four steps were carried out:

Longitudinal extrusion of the upper plate of the deck with a mesh of 10 cm;
Simulation of structural continuity through the assignment of “supports”: displace-
ments in the three global directions were constrained in correspondence to the core of
the transverse rib, the upper plate, and the core of the body;

Rib copying with a step of 3 m for five times;

Assignment of static “pressure moving load loads” (Figure 15).

In the structural analysis, the pavement layer (Figure 16) was not explicitly modelled,
but the effect of stress diffusion was accounted for by considering 45 degree-diffusions
of the loads through the pavement and the consequent enlargement of the conventional
footprint of the trucks on the orthotropic plate [55].
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Figure 15. Slow lane—Cross section of the case study.
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Figure 16. Diffusion of the concentrated loads in orthotropic slab decks.
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Finally, the effect of the transit of each of the five lorries from the FLM4 (a minimum of
3 and a maximum of 6 axles) was implemented in MIDAS GEN® in order to obtain the stress
spectrum in correspondence to the details to be checked. In general, the decomposition
of the structural finite element model in different substructures, with increasing levels of
details, allows for a notable reduction in the computational effort.

3.2. Fatigue Analysis

A linear elastic pseudo-static dynamic analysis was performed, thus allowing us to
exploit the superposition principle. Three moving unit loads, A-B-C, were considered, with
fixed relative distances and given diffusion footprints. The transit of the load mask over
the bridge was discretized in 50 steps [58] (Figures 17 and 18), which corresponds to about
30 cm, with the entire length of the model equal to 15 m.

In this way, by performing several linear elastic analyses, it was possible to obtain
the influence line of the three principal stress components for the connection details for
assessment (Figure 19).
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Figure 17. Loading steps—Footprint with unitary pressures.

Figure 18. Position of the diffused footprints type B from the FLM4—step n°10 (rib’s mid-span)—load
acting on the slow lane.

: INFLUENCE LINE OF THE PRINCIPAL STRESS COMPONENTS IN THE DETAIL: UNIT FLMA FRESSURE
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Figure 19. Principal stress components influence line for a fatigue detail at 7.36 m, exported from
MIDAS GEN®.

3.2.1. Number of Fatigue Cycles

The daily artificial data representative of traffic available for the months of June-
October 2019 for the continuous monitoring campaign of the support excursion [59-61]
were used (Figures 20-22). The choice of the traffic volume for the fatigue calculation with
FLM4, with reference to Table 4.7 UNI EN 1993-2 (Figure 10), was considered for the fatigue
assessment and was deduced by also analyzing the potential flow of the vehicles which
affected the relevant motorway section in previous and subsequent years [60].
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Figure 20. Data of the daily transit of heavy vehicles between October and June recorded in 2019 in
the highway section of the case study viaduct.
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Figure 21. Data of the daily transit of light and heavy vehicles between October and June recorded in
2019 in the highway section of the case study viaduct.

These values were obtained through the “Measured Mobility Index” [61]. These
indices are calculated as arithmetic averages of the values available for the counting
sections of the aggregate for the two macro classes of vehicles: light vehicles with a capacity
of less than 3.5 t and heavy vehicles, which instead have a capacity greater than 3.5 t.

3.2.2. Post-Processing

Thanks to the linear elastic analysis, it was possible to obtain the spectrum of the
induced stresses for each detail due to the transit of each of the single axis with unitary
pressure loads or the three lines of influence for the principal stress components.



Infrastructures 2022, 7, 135 18 of 30

@
£
i B
=
)
-
-
£ 3
[=
=1
=
- Ee I
e | =—t—"ear 2016
—_ . -
3 w, | == Year 2017
Year 2018
21 ; / | —*— Year 2019
o Year 2020
.
| g Year 2021
15 | : : : '
a4 . = & A 2 3 & g & #* g
$ § F & 8 & O F S
F & 3 : w2 o & i & oo
\}\ . e aE ,:w _\._"- s
b — =
1\.;\ )

Figure 22. Data on the monthly transit of heavy vehicles between 2016 and 2021, obtained starting
from 2019 in the highway section of the case study viaduct.

Exploiting linear elasticity, the line of influence corresponding to the transit of each
of the five shapes of the trucks (Table 3) could easily be obtained by scaling the stresses
already obtained for the moving-unit pressure and to translate the line of influence of
the single axis previously obtained as a function of the distance between the axles of the

vehicles of the FLM4.
Table 3. Composition of annual heavy vehicle traffic according to the five truck templates of
FLM4 [60].
FATIGUE LOAD MODEL 4—EQUIVALENT VEHICLES
Lorry Silhouette Medium Distance Annual Traffic
[] [%] [n° Vehicle]
‘ _ - 40% 145,356
.
(H 0,
A\ @‘ 10% 36,339
[ 30% 109,016
O D 000
=y| 15% 54,508
OL—0— 00
, L 5% 18,169
0 D O OO0
TOTAL ANNUAL TRAFFIC: 100% 363,388

Through an automated peak-to-peak recognition process implemented in Matlab®,
the maximum and minimum peaks of the influence lines were recognized, and the load
cycles were counted using the “Rain-flow Method”. The Matlab® subroutine returns
“Load histograms” in which, for each shape of the FLM4, the stress variation is sorted in
descending order.
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3.2.3. Fatigue Assessment

For the fatigue life assessment of the rib, the safety factor is assumed to be vy = 1.15 [53];
thus, with this assumption, the structural element is sensitive to failure due to fatigue
but with moderate consequences since load redistribution among parallel ribs is allowed.
The reduction in the stress range (Ac; = |0; Max — 0i, MiN|) due to the mean stress was
accounted for. According to EN 1993-1-9, the detail has a reference value of the fatigue
strength Aoc =71 MPa.

The checks were carried out in the section at about 7.36 m (mid-span of the rib span)
and at 6.00 m (section at the second rib) (Figure 23) from the origin of the reference system
of the structural model. In fact, the two details considered for the checks correspond
to the limit case for the maximum and minimum stiffness of the transverse structural
element, respectively.

g
SECTION AT THE MID-SPAN RIB

Figure 23. Locations of the performed fatigue damage check sections in the FEM model.

3.3. Results and Discussion

The number of details to be checked with respect to fatigue resistance is very high,
but the procedure is quite recursive. Therefore, for the sake of brevity, only one detail
will be fully described, while the other ones will be only summarized (see Table 4 and the
following ones).

Table 4. Distinction of detail assessment: Rib-to-Plate—FLM4 S1.

FATIGUE LOAD MODEL 4—LORRY SILHOUETTE S1

Count Stress Range Aogy m ng; Ng; D;
[-] (MPa) (MPa) -) [Cycles] [Cycles] [Damage/Year]
1 6.52 6.52 - 0 00 0
1 0.50 0.50 - 0 0o 0
1 3.19 3.19 - 0 00 0
1 15.57 15.57 - 0 00 0
1 26.22 26.22 5 72,678 78,578,566 9.25 x 1074
1 32.19 32.19 5 72,678 28,191,034 258 x 1073
145,355 3.50 x 1073

Some Dutch authors [62] have observed that the rib-to-plate detail is where (based on
practical experience) fatigue cracks take place more often. The rib-to-plate detail (Figure 24)
corresponds to the intersection of the cross-beam and longitudinal Rib in the deck plate. The
crack usually nucleates at the root of the longitudinal corner weld or between the core of the
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channel and the deck plate at the intersection of the cross-piece and the longitudinal closed
trapezoidal stiffeners. Then, the crack first propagates through the deck plate thickness
and afterwards longitudinally beside the stiffener.

Threshoeld
LAF
.L\.i

Constant
Description Category A Ilustrative Examples

il

Potential Crack
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Figure 24. Table 6.6.1.2.3-1 LRFD AASHTO—Detail categories for load-induced fatigue [63].

3.3.1. Rib-to-Deck (Plate) Detail

In order to calculate the mean stress state and the stress range in correspondence
to the fatigue detail, the plate element n° 96,062 of the deck FEM model (Figure 25) was
considered. Then, for each lorry typology, the stress is assessed by superimposing the
results obtained from the line of influence of unit pressure wheel footprints: A, B, C,
previously multiplied by the corresponding load factor (which depends on the lorry type).
In addition, the stress due to longitudinal bending of the box girder, depending on dead
weights and on the moving lorry position being extracted from the whole viaduct FEM
model, is also added in correspondence to the points where the fatigue check is carried
out. This procedure provides the stress spectrum (Figure 26). Finally, the reservoir method
diagrams can also be obtained for manual or automatic cycle counts (Figure 27).

4 RIB-to-PLATE (PLATT)
RIB-to-PLATE (RIB) I O, 02

% E:101,230

Figure 25. Rib-to-Plate detail location in the finite element model.

A Matlab® subroutine has been implemented to automatize the application of the
two-parameter rain-flow method. Note that the local maxima and minima of the stress
spectrum can be interpreted as the load history due to each lorry transit. Therefore, the
sequence of load reversal can be automatically detected, and the fatigue stress spectrum
obtained for each lorry typology (Figure 28).

The total number of lorries that travelled above the viaduct was deduced using
information (about monitoring) with the system PANAMA (“Platform for the monitoring
and analysis of traffic” of the Italian government-owned company for road ANAS), which
was carried out during 2019. In addition, to calculate the amount of traffic due to each
singular heavy lorry typology, reference is made to Table 4.7 of the UNI EN 1991-2 (average
distance, as the highway on which the case study is located has a length of less than 100 km)
which provides the frequency percentages of the annual volume. For each shape, the actual
number of annual cycles that produce fatigue damage is calculated in detail by filtering
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the Matlab output, i.e., considering only the variations in stresses above the fatigue limit
Aop/ymy (see Figures 29 and 30).

DETAIL AT 7.36 (m) SUM OF TRASLATED INFLUENCE LINES: FLM4 - 53

30
; == 63 - Al I Whesel A
= p == 51 - Axel T Wheel B
. h 53 - Axel X Wheel
S R 3 | R T | B S 53 - Axel 4 Whesl C

83 - Axel 5 Wheel C
53 - Sum Axels
Local maxima

®  Local minima

Mormal stress variation (MPa)
[

A0 F

15

ap b 1 i ' ] 1
i) ] 1[1] 15 0
Longitudinal progressive ¥ — GOS (m)

Figure 26. Stress spectrum for the transit of the lorry silhouette 3 from the FLM4.
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Figure 27. Reservoir method for the transit of the lorry silhouette 3 for the FLM4.

The annual damage accumulation for the transit of the five lorries silhouette for the
FLM4 is summarized in Tables 4-9.
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LOAD SPECTRUM: RIB-TO-PLATE (DECK)
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Figure 28. Tension load history for the transit of the five lorries from the FLM4.

5-N CURVE FOR NORMAL STRESS VARIATION RANGES
ORTHOTROPIC STEEL DECK - FATIGUE DETAIL CATEGORY (EN1993-1-9)
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Figure 29. Design S-N curve for detail 71 from UNI EN 1993-1-9 [53].
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LOAD SPECTRUM: RIB-TO-PLATE (DECK)
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Figure 30. Load spectrum for the FLM4 in detail considered.

Table 5. Distinction of detail assessment: Rib-to-Plate—FLM4 S2.

FATIGUE LOAD MODEL 4—LORRY SILHOUETTE S2

Count Stress Range Aoy m ng; NRgi D;
[-] (MPa) (MPa) -) [Cycles] [Cycles] [Damage/Year]
1 21.82 21.82 - 0 0 0
1 6.35 6.35 - 0 ) 0
1 0.50 0.50 - 0 ) 0
1 2.77 2.77 - 0 0 0
1 17.91 17.91 - 0 0 0
1 22.88 22.88 - 0 S 0
1 44.21 44.21 5 36,339 5,769,049 6.30 x 1073
36,339 6.30 x 1073

Table 6. Distinction of detail assessment: Rib-to-Plate—FLM4 S3.

FATIGUE LOAD MODEL 4—LORRY SILHOUETTE S3

Count Stress Range Aogy m ng; Ng; D;
[-] (MPa) (MPa) -) [Cycles] [Cycles] [Damage/Year]
1 8.61 8.61 - 0 00 0
1 15.84 15.84 - 0 00 0
1 12.89 12.89 - 0 0o 0
1 1.01 1.01 - 0 00 0
1 2.95 2.95 - 0 00 0
1 5.11 5.11 - 0 0o 0
1 8.00 8.00 - 0 00 0
1 25.80 25.80 5 36,339 85,261,194 426 x 1074
1 33.37 33.37 5 36,339 23,527,024 1.54 x 1073
1 38.19 38.19 5 36,339 11,996,175 3.03 x 1073

109,016 5.00 x 1073
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Table 7. Distinction of detail assessment: Rib-to-Plate—FLM4 S4.

FATIGUE LOAD MODEL 4—LORRY SILHOUETTE S4

Count Stress Range Aogy m ng; Ng; D;
[-] (MPa) (MPa) -) [Cycles] [Cycles] [Damage/Year]
1 15.27 15.27 - 0 1) 0
1 0.98 0.98 - 0 00 0
1 2.73 2.73 - 0 1) 0
1 5.57 5.57 - 0 1) 0
1 10.35 10.35 - 0 I 0
1 16.38 16.38 - 0 1) 0
1 25.16 25.16 5 13,627 96,636,761 141 x 1074
1 28.52 28.52 5 13,627 51,610,205 2.64 x 1074
1 35.72 35.72 5 13,627 16,758,125 813 x 1074
1 35.72 35.72 5 13,627 16,758,125 8.13 x 1074
54,508 2.03 x 1073
Table 8. Distinction of detail assessment: Rib-to-Plate—FLM4 S5.
FATIGUE LOAD MODEL 4—LORRY SILHOUETTE S5
Count Stress Range Aogy m ng; Ng; D;
[-] (MPa) (MPa) - [Cycles] [Cycles] [Damage/Year]
1 11.09 11.09 - 0 1) 0
1 16.21 16.21 - 0 00 0
1 9.19 9.19 - 0 1) 0
1 13.05 13.05 - 0 1) 0
1 0.97 0.97 - 0 I 0
1 3.50 3.50 - 0 1) 0
1 7.99 7.99 - 0 1) 0
1 14.47 14.47 - 0 00 0
1 23.98 23.98 - 0 1) 0
1 24.76 24.76 - 0 1) 0
1 30.31 30.31 5 18,169 38,096,333 477 x 1074
18,169 477 x 1074
Table 9. Distinction of detail assessment: Rib-to-Plate.
EN 1993 Partel-9—Fatigue Detail 71 FLM4
YFf YMf Aoc Aop Ao A(fc/'ny A‘TD/’)’Mf AU’L/'ny Diot A
ears
(-) -) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) [Damage/Year] y
1.00 1.15 71 52.31 28.73 61.74 45.49 25 0.0173 57.77

Tables 4-8 can be integrated over the nominal design life duration to assess whether
the detail fatigue resistance is compliant with the present standard.
The detail Rib-to-Plate does not suffer from fatigue during the nominal design life of

50 years.

3.3.2. Verification Summary

In order to provide an assessment of the fatigue lifetime of the existing viaduct with
respect to the present standards, the whole set of details vulnerable to fatigue must be
considered. In addition, the calculation must account for a change in the loading configura-
tion due to a limitation of the lane which took place (since 2019) after the positioning of
two additional New Jersey barriers, which is shown in Figure 31.
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Figure 31. Slow lane position from around 2019, following the positioning of additional New
Jersey barriers.

The set of details for which the checks are carried out is shown in Figure 32.
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Figure 32. Details subjected to assessment from the section 7.36 m from the first rib (mid-span of the
rib) and 6.00 m from the first rib (cross-beam).

The following tables summarize the partial damage accumulation, providing the
number of years after which the total damage becomes equal to one. The details over the
slow lane are divided into two groups, located respectively on the left or the right side
of the additional barrier. This subdivision is meaningful since the details on the left will
continue to accumulate fatigue damage after the placement of the additional New Jersey
barriers, whereas the details on the right will be unloaded. The groups are as follows:

e  Group1(R): Al, A2, B1, and B2: critical details in the original condition. After the lane
number reduction and placement of the additional New Jersey barrier, these details
are unloaded;

e Group 2 (L): D1, D2, G1, G2, H1, and H2: those details are less critical in the original
condition, though some of them will accumulate damage after the lane reduction due
also to the overlapping of the load silhouette (Figure 32).
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Tables 10 and 11 reassume the fatigue damage assessment carried out in the original
configuration. The number of cycles and the accumulated fatigue damage per year are
reported for each FLM4 heavy lorry category. In the last two columns, the fatigue life of
the detail and the expected year for unit fatigue damage accumulation are reported. The
calculations reveal that the detail rib-to-plate A2 is the most critical since the European
standards provide a fatigue life equal to 21 years.

Table 10. Results of damage checks in the original configuration—Group 1 (R).

Original Configuration—Group 1R FLM4
Category Cycles Dot
Detail . —_— ID Year
Detail Type Component OMEAN N° N° A Years _
1D (MPa) Element Total Relevant [Damage/Year] Dror=1
Al . 1 Deck Yes 96,062 44 11 0.017 57.8 2052
A2 Rib-to-Plate 71 Rib Yes 101,230 27 9 0.047 211 2015
Bl Rib-to-Floor 71 Deck Yes 63,110 26 7 0.012 82.5 2077
B2 beam 80 Rib Yes 63,356 36 0 0 00 o
Table 11. Results of damage checks in the original configuration—Group 2 (L).
Original Configuration_Group 2 (L) Fatigue Load Model 4

1D . Category ng; [Cycles/Year]

Detail Detail (MPa) Part s1 s2 s3 sS4 S5 Tot
D1 Ribeto-Plat - Deck 1.45 x 10° 3.63 x 10* 1.09 x 10° 5.45 x 10* 1.82 x 10* 3.63 x 10°
D2 tb-to-Hate Rib 0 0 0 0 0 0
E Rib-toFloor b 71 Deck 1.45 x 10° 3.63 x 10* 1.09 x 10° 5.45 x 10* 1.82 x 10* 3.63 x 10°
B2 1b-to-rloor beam 80 Rib 0 0 1.09 x 10° 0 0 0
G1 Main-Girder 7 Deck 0 0 0 0 0 0
G2 (span) M-G 0 0 0 0 0 0
Hi1 Main-Girder 7 Deck 0 0 0 0 0 0
H2 (rib) M-G 0 0 0 0 0 0
1D Ng; [Cycles]

Detail S1 S2 S3 S4 S5 Tot
D1 1.94 x 107 6.86 x 107 8.65 x 100 1.47 x 108 2.03 x 107 2.64 x 108
D2 ) ) ) o 0 o

E 2.26 x 107 7.36 x 107 9.17 x 106 2.80 x 107 2.21 x 107 1.55 x 108
B2 © o 5.90 x 107 0 00 5.90 x 107
G1 %) %) 0 0 ) )

G2 ) ) ) o o o

H1 %) ) %) ) ) )

H2 ) ) %) ) ) )

ID Damage [Damage/Year] AY. Year

Detail S1 S2 S3 S4 S5 Tot ears Dror =1
D1 7.49 x 1073 Siél,f 126 x 1072 2,62 x 1073 896 x 107*  2.68 x 1072 37 2031
D2 0 0 0 0 0 0 oo o

E 6.42 x 1073 43)%5 119 x 1072 195 x 1073 823 x107* 234 x 1073 42 2036
B2 0 0 1.85 x 1073 0 0 0 541 2535
G1 0 0 0 0 0 0 o oo
G2 0 0 0 0 0 0 o o
H1 0 0 0 0 0 0 oo I~
H2 0 0 0 0 0 0 o0 o0

In Table 12, the yearly damage accumulation is assessed in correspondence to reduced
lanes and the placement of additional barriers. Only details belonging to Group 2 (L) are
reported since details of Group 1 (R) are unloaded and do not accumulate any further
fatigue damage.
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Table 12. Yearly fatigue damage accumulation—Group 2(L), with the additional New Jersey barriers
and lane reduction since 2019.

Lane Reduction, Group 2 (L) Fatigue Load Model 4
ID . Category ng; [Cycles/Year]
Detail Detail (MPa) Part s1 s2 s3 S4 s5 Tot
D1 . Deck 0 0 0 0 0 0
D2 Rib-to-Plate 71 Rib  145x10°  3.63x 10 109x10° 545x10° 182x 10*  3.63 x 10°
E Rib-to-Fl b 71 Deck 0 0 0 0 0 0
B2 1b-to-rloor beam 80 Rib 0 0 0 1.09 x 10° 0 1.09 x 105
Gl Main-Girder 7 Deck 0 0 0 0 0 0
G2 (span) M-G 0 0 0 0 0 0
H1 Main-Girder 7 Deck 0 0 0 0 0 0
H2 (rib) M-G 0 0 0 0 0 0
ID Ngi [Cycles]
Detail S1 S2 S3 S4 S5 Tot
D1 0 [ 0o o o0 00
D2 1.48 x 107 1.00 x 107 7.85 x 10° 1.22 x 108 1.71 x 107 1.71 x 108
E 0 o 00 00 00 00
B2 00 0o o0 5.90 x 107 0 5.90 x 107
G1 00 o 00 00 00 00
G2 00 o 00 00 00 00
H1 0 [ 0o 0o 00 0
H2 00 o 00 00 00 00
ID Damage [Damage/Year]
Detail S1 S2 S3 S4 S5 Tot
D1 0 0 0 0 0 0
D2 9.82 x 1073 3.62 x 1073 1.39 x 1072 3.06 x 1073 1.06 x 1073 3.14 x 1072
E 0 0 0 0 0 0
B2 0 0 0 1.85 x 1073 0 0
Gl 0 0 0 0 0 0
G2 0 0 0 0 0 0
H1 0 0 0 0 0 0
H2 0 0 0 0 0 0
Finally, Table 13 shows the fatigue assessment for the actual load history. The calcu-
lation is carried out in two steps; firstly, the original configuration, valid between 1994
and 2019, and secondly, the reduced line and additional barriers configuration, valid from
2019 onward. The calculated yearly fatigue damage is integrated over the corresponding
duration, and the level of traffic is assumed to be approximately constant since 1994.
Table 13. Results of damage checks—Group 2(Left)—Accumulation of damage due to the actual full
load history.
Detail Cateso Original Configuration New Barriers and Lane Reduction Full Load History
etal gory Component Damage 1994 -~ 2019 Yearly Damage since 2019 Damage since 1994
ID (MPa) [Total Damage] [Damage/Year] A Years [Final Damagel Year Dror =1
D1 - Deck 6.97 x 1071 0 oo 6.97 x 1071 o0
D2 Rib 0 3.14 x 1072 32 1.00 2051
E 71 Deck 6.26 x 101 0 0 6.26 x 10~1 0
B2 80 Rib 4.80 x 102 1.85 x 10~3 541 1.00 2535
Gl - Deck 0 0 ) 0 )
G2 M-G 0 0 00 0 00
H1 - Deck 0 0 ) 0 )
H2 M-G 0 0 00 0 00

In the last columns, the total fatigue damage and the expected year for unit damage
accumulation are reported. The analyzed detail results are compliant with the preset
European Standard as far as fatigue resistance is concerned.
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4. Conclusions

The phenomenon of fatigue in orthotropic steel deck bridges has been briefly summa-
rized, together with the normative approach of the UNI EN 1993 European standard.

An existing orthotropic steel deck viaduct, located on a northern Italy highway and
designed at the end of the 1980s, is adopted as a case study to assess its compliance with
today’s standards. The calculation exploited finite element simulations carried out on the
structure and on more detailed substructures. The information on the number of load cycles
was derived with the support of experimental monitoring with the system: PANAMA
(“Platform for the monitoring and analysis of traffic” of the Italian government-owned
company for road ANAS).

The results show that the viaduct in the original configuration was not fully compliant
with the standards as far as fatigue resistance is concerned. In fact, the ultimate limit state
with respect to fatigue damage accumulation was first reached in detail A2 in 2015.

It is expected that similar viaducts of the same age are probably in analogous condi-
tions. Particular care should be devoted to bridges that could be in the worst maintenance
condition due to the decrease in fatigue resistance induced by corrosion.

On the other hand, the lane number reduction, and the placement of additional New
Jersey barriers in 2019, provided unloading conditions for the most critical details and
interrupted further fatigue damage accumulation. Consequently, the damage checks were
verified, and the structure is now compliant with fatigue resistance requirements.

Nevertheless, in general, the reduction in the total number of lanes does not provide
an automatic reduction in heavy lorry traffic, which mainly takes place in the slow lane.
Moreover, details, such as B2, are still suffering from fatigue damage accumulation due to
the overlapping of wheel footprints in both the original and the reduced lane conditions,
thus deserving special attention. Therefore, further interventions, like the replacement of
the pavement in order to improve the stress redistribution upon the connection details
below the wheel footprint, and continuous bridge inspections or monitoring, are suggested.
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