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ABSTRACT

In this case study, the fatigue security of a bridge designed in 1987 was examined considering the current
Brazilian standard. A structural model was developed to determine and verify fatigue security in the
most critical section considering the Brazilian Load Model and the literature’s vehicle spectrum.
According to the stress variation method, it concludes that the concrete submitted to compression meets
the minimum criteria, but the steel section is not enough to resist shearing and flexural stresses. Pursuant
to the Palmgren-Miner rule, the fatigue service life of the reinforcement’s bars under flexural stress is
14,91 years. A more detailed structural analysis of the bridge and the vehicle spectrum is necessary to
confirm these results.
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Verificacdo de Seguranca a fadiga de um ponte em concreto armado conforme
ABNT NBR 6118, 2014

RESUMO

Nesse estudo de caso, a seguranca a fadiga de uma ponte projetada em 1987 foi verificada segundo
a norma vigente brasileira. Elaborou-se um modelo estrutural para determinar e verificar a secao
mais critica considerando o trem-tipo e o espectro de veiculos da literatura. Segundo o0 método de
limitacdo de variacdo de tensGes, conclui-se que o concreto sujeito a compressdo atende aos
critérios, mas a area de aco ndo € suficiente para combater os esfor¢os cortante e de flexdo. Pela
regra de Palmgren Miner, a vida util a fadiga nas armaduras sujeitas a flexdo é de 14,91 anos. Uma
analise mais detalhada da estrutura e do espectro de veiculos € necessaria para reiterar tais
resultados.

Palavras-chave: fadiga; ponte; regra de Palmgren-Miner; vida dtil.

Verificacion de seguridad de la fatiga de un puente de hormigon armado
segun ABNT NBR 6118 2014

RESUMEN

En este estudio se verifico la seguridad a la fatiga de un puente proyectado en 1987 segln la
normativa brasilefia vigente. Se construyd un modelo estructural para determinar y verificar la
seccion més critica considerando el modelo estandar brasilefio y el espectro de vehiculos en la
literatura. Segun el método de variacion de esfuerzos, se concluye que el hormigén sometido a
compresion cumple con los criterios, pero la seccion de acero no es suficiente para resistir los
esfuerzos cortantes y de flexion. Por la regla de Palmgren-Miner, la vida Util a la fatiga de las
armaduras sometidas a flexion es de 13,91 afios. Es necesario un analisis mas detallado de la
estructura y del espectro de carga para confirmar estos resultados.

Palabras clave: fatiga; puente; regla de Palmgren-Miner; vida util.
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1. INTRODUCTION

In Brazil, the transportation of assets and people is mostly carried in a huge network of roads, with
approximately 1.7 million kilometers extent. The movement of loads in this mode of transport
corresponds to 61% of the national transport matrix (CNT, 2018). In this context, (Baroni, 2010)
argues that “Special Engineering Structures” (SES) — such as bridges and viaducts - are pivotal
elements of the transportation system. Therefore, ensuring its functionality, safety and durability is
significant.

In the last decades, the lack of maintenance and repairing policies for SES in Brazil has contributed
to accelerate the deterioration process of these structures. Several Brazilian bridges were built
between the 50s and 70s and, therefore, were designed by standards that did not foresee the current
loadings, nor the current traffic intensity (Silva et.al., 2018).

The main damages that compromise the performance of SES are related to corrosion, physical
impact, and erosion of foundations. Nevertheless, (Fathalla et.al., 2018) point out that the bridges
and viaducts service life is also directly associated with cyclical stress variations due to vehicle
traffic. (Hobbacher et.al., 2016) point out that after a certain number of loading-unloading cycles,
cracks are formed and propagated, and this can lead to the collapse of the structure due to fatigue.
(Gao et.al., 2020) studied the fatigue service life (FSL) of bridges with steel-concrete composite
structures and observed that, in this case, the strength of the concrete had a small impact in FSL’s
determination. This was reiterated by (Santos, 2013), who proved that fatigue collapse can happen
with stresses lower than the elastic limit of the steel-concrete composition.

The Brazilian standard (ABNT NBR 6118, 2014) is used to evaluate damage to concrete structures
due to cyclical actions. This standard determines the criteria that must be adopted to check the
ultimate fatigue limit state (unlimited life method) and the limit service state. In this case, the
verification of fatigue through stress limitation is preferably recommended, adopting loadings
presented in (ABNT NBR 7188, 2013).

The proposed loading by the Brazilian standard (ABNT NBR 7188, 2013), which approaches
mobile loads for bridges and replaced (ABNT NBR 7188, 1984), does not present configurations
about the real traffic flow, but a hypothetical Brazilian Load Model. In addition, it is provided an
evenly distributed load per unit area, aiming to represent light vehicles or crowds’ transit.
Exceptionally, if the load spectrum is available, the Palmgren-Miner rule can be used. This allows
to determine the fatigue service life. According to this method, it is assumed that the damage due
to fatigue accumulates linearly with the number of cycles and these damages are, according to (Fan
and Sun, 2019), the deterioration process that reduces the cross-sectional resistant area.

This study was developed to verify the fatigue security of a bridge designed in 1987 according to
(ABNT NBR 6118, 2014). Two methods were used, the limitation of stress variation and fatigue
service life. The most critical section of the structure was studied - the girder beam in the middle
of the central span.

2. CONTEXTUALIZATION

2.1. The fatigue mechanism in the deterioration of bridges

According to (Yadav and Thapa, 2020), fatigue is a mechanism of structural failure that occurs in
a material subjected to repetitive stress variations, that is, which oscillate intermittently during a
certain time interval. The set of loading and unloading actions is called cycle. Several cycles
culminate with the appearance of new micro cracks or with the propagation of pre-existing ones,
which can cause the structure collapse (Cervo, 2004). The greater the magnitude of intermittent
loads, the smaller the number of cycles required to fail the structure (BT / PCC, 2000).
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Bridges and viaducts are structures subjected to fatigue due to the accumulation of damage from
non-uniform cycles of stress variation caused by the traffic flow of vehicles with different
characteristics. The analysis of this phenomenon in SES structures, especially in situations of
intermittent traffic, is essential to guarantee structural security (Santos and Pfeil, 2014).

(Callister and William, 2008) affirm that fatigue rupture is brittle. There is little (or none) plastic
deformation. In general, the collapse occurs with the propagation of cracks, and when the fracture
surface is perpendicular to the direction of the stress application. However, in the concrete realm,
(Euro-International du Béton Committee, 1988) argues that there is not an exclusive collapse due
to fatigue. In this case, the rupture of the concrete structure occurs due to the progressive
deterioration of cracks caused by cyclic loading.

Considering reinforced concrete structures, (Meneghetti, 2007) proved that fatigue in
reinforcement’s bars is not usually a relevant factor. However, due to the increase of structures
subjected to cyclic loads designed based on rupture state (ultimate limit state), it is important that
the effects associated with fatigue are analyzed.

2.2. Durability and fatigue service life

The standard (ACI 318, 2019) emphasizes that the structures’ durability concerns to the ability to
resist degradation processes, preserving its integrity when submitted to the environment where it
was designed. In this context, the Brazilian standard (ABNT NBR 15575, 2013) defines project’s
service life (PSL), as the time interval in which the structure maintains its durability and
performance requirements, meeting the objectives that were proposed.

According to (Branco and Paulo, 2012), a structure achieves its PSL when pathological
manifestations (aesthetic or structural) which impair its performance are detected. However, there
are maintenance operations that allow restoring the service life of damaged structures.

Unlike the term PSL, which addresses the service life of the structure, FSL is more restricted and
is specifically associated with the time interval required for cyclical stresses to promote and
propagate cracking in the structural element. (Baroni, 2010) argues that the FSL does not
necessarily culminate with the structure collapse, but with cracks in critical dimensions that can be
the indirect object of failure. Thus, along the PSL of bridges and viaducts, vehicle transit should
not promote excessive stress variations that weakens the structure regarding fatigue.

3. METHODOLOGY

3.1. Characterization of the bridge over the Chapeco River

The bridge over the Chapecé River was designed in 1987, with the objective of connecting the
cities of Xaxim and Sdo Domingos, both in the state of Santa Catarina - Brazil. The bridge studied
has a total extension of 170 m (longitudinally), distributed in 3 central spans of 33,60 m, 2 spans
of 28,00 m (one for each side) and 2 spans of 6,60 m, one in each extremity.

The bridge deck has a total width of 9,00 m, of which 7,20 m is for the rolling tracks, and two lanes
with 0,90 m (one at each edge) are intended for pedestrians and cyclists. The deck slab is supported
by two girders (30x170 cm), six beams of section 30 x 170 cm (one at each support), and ten beams
of section 30 x 170 cm (two in each span - except for the end spans). The cross section of the central
span of the bridge is illustrated in Figure 1A. To construct the beams and girders a concrete with a
characteristic compressive strength of 20 MPa and CA-50 steel as reinforcement was used.
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Figure 1. (A) Bridge’s cross section over the Chapeco River; (B) Cross section, in centimeters, of

the investigated section of the girder (Adapted from the Departamento de Estradas e Rodagem
Santa Catarina, 1987).

A preliminary structural analysis about the bridge revealed that the most critical fatigue-based
condition occurs in the middle of the central spans of the bridge. Therefore, it was decided to
determine the FSL of the girder present in this section (Figure 1B).

3.2. Determination of active stresses

The structural model was built considering the permanent and mobile loads, and the respective
weighting coefficients of vertical loads (WCV), according to (ABNT NBR 7188, 2013). The
determination of the influence and envelope lines was made using the software Ftool (2018), which
performs structural analysis in a 2D-level.

As recommended by the Brazilian standard (ABNT NBR 6118, 2014) to verify the fatigue, the
stresses applied on concrete and steel were determined in the elastic region and the calculation of
the compound flexural stresses in the second deformation stage - disregarding the concrete tensile
strength. Regarding the bending moments, the combination of actions for the service limit state
(SLS) to fatigue was adopted, recommended by the aforementioned standard.

To determine the resistant moment and the other stresses on the structure, the balance of forces
equations and those from (Pfeil, 1989) were used, respectively. As for the calculation of the stresses
on the longitudinal reinforcement’s bars and concrete, the equations (1) - (2), from (Sussekind,
1980), and Equation (3) from (ABNT NBR 6118, 2014) were adopted to the transverse
reinforcement’s bars (o = 90°).

M* (-
oszn*(—x) (1)
IH
M *x
oc= 2)
IH
Vd - Ve
Y R 3
ov <0,9*Asw*d) Sw )

Safety verification of fatigue of a reinforced concrete bridge

according to ABNT NBR 6118,2014. 113

Rossato, M. D., Munhoz, G. S., P. dos Santos, R. B., Scoz, L. M.



114

Revista ALCONPAT, 11 (2), 2021: 109 — 123

Where "os" represents the stress in the reinforcement’s bars submitted to tensile (kN/cm2); n is the
division between the elasticity module of steel and concrete; M is the moment of inertia (KN.cm);
d is the distance from the compressed portion to the gravity center of the reinforcement’s bars
submitted to tensile (cm); x is the neutral line (cm); Iy represents the equivalent inertia in the second
deformation stage (cm?); "oc" is the compressive stress in concrete (kN/cm?); "ov" is the stress in
the transverse reinforcement’s bars (o = 90°) (kN/cm?); Vd is the effort shearing of a project over
the stirrups (kKN); Vc is the effort shearing absorbed by complementary mechanisms (concrete);
and, Asw is the transversal steel area necessary over 1 m (cm#/m).

A structural analysis revealed that the center of the largest span of the structure had the biggest
stress variation to the reinforcement’s bars subjected to bending and shearing, and for concrete
subjected to simple compression. Thus, the fatigue verification - according to (ABNT NBR 6118,
2014) criteria - was made about this section (critical condition). As for the stress variation, this is
the difference between the maximum and the minimum stresses calculated, if these values have
opposite signs, the difference will be between 0 (zero) and the highest value in module. In case of
bridges, this variation in tension will be the relation between the active stresses due to permanent
loads and those caused by mobile loads plus permanent loads.

In addition, the structural model was created considering the loads specified in (ABNT NBR 7188,
1984 and NB-2, 1961), to prove that the bridge was designed according to the standards of that
time (1987). This also made possible to validate the method of calculating the reinforcement’s bars
using the strength balance equations and the representative model of the bridge.

3.3. Fatigue security verification

The fatigue security verification of the bridge was made according to the guidelines of (ABNT
NBR 6118, 2014) by two methodologies: stress limitation and fatigue’s service life. The first
methodology should be considered the verification by the ultimate limit state (ULS) to fatigue
(unlimited life method) and service limit state should be considered. In this work, the analysis will
be carried only in the ULS.

3.3.1 Stress limitation

The verification of safety due to fatigue by the stress limitation method was made according to the
current regulations to evaluate the security of the structure considering damages caused by cyclical
actions. This verification followed all the recommendations of (ABNT NBR 6118, 2014), and was
made considering the frequent combination of actions, according to (ABNT NBR 8681, 2004). The
calculation of mobile loads was made according to the train-model of (ABNT NBR 7188, 2013),
positioned at the most unfavorable point of the structure.

As recommended (ABNT NBR 6118, 2014), the verification was made on the concrete submitted
to compression and on reinforcement’s bars subjected to bending and shearing. The structural
analysis did not identify tension efforts at the studied point, therefore, the security verification of
the concrete subjected to tension was neglected.

3.3.2 Fatigue service life

The FSL verification of the bridge was made to the reinforcement’s bars subjected to bending, in
the middle of the largest span. This was based on the guidelines from (ABNT NBR 6118, 2014),
which presents the S-N curve for the bars of reinforced concrete structures. According to (Bolotin,
1998), fatigue curves were introduced in 1860 by the German August Wohlner. The curve relates
the magnitude of the stress cycles and the number of cycles required to bring the material to rupture.
According to (ABNT NBR 6118, 2014), to use a real spectrum of loads (or from the literature), it
must consider the Palmgren-Miner rule, which relates N (number of cycles to collapse the structure
due to fatigue, for a certain stress variation) with the number of cycles experienced (n). Thus, the
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calculation of FSL is given by Equation (4). According to (ACI 215R-74, 1997; Nussbaumer et.
Al., 2011), fatigue damage must be accumulated linearly, assuming the end of service life when
this sum is equal to 1.

1

VU= (4)

Where VU represents the service life; and D, the accumulated damage.

For the frequency of vehicle flow, the model presented by (Rossigali, 2013) was adopted. And,
regarding the number of steel’s N cycles (damage), it was calculated according to Equations (5) -
(6), proposed by (Bolotin, 1998) and derived from the S-N curves such as the one in (ABNT NBR
6118, 2014).

n;
D= —+—+— =| — <1
N; N, Nj ZN ®)
S m
v (3)

Where D represents the accumulated damage; ni is the number of cycles applied to the i-th stress
level; N; is the fatigue life of the i-th stress level that corresponds to the number of cycles until the
failure of this level; N is the number of cycles associated with fatigue failure; Nb is a dimensionless
constant from the S-N curves that arises from (ABNT NBR 6118, 2014); Sb is a constant with a
unit of tension; S is the stress in the material; and, m is the exponent of the fatigue curve.

All load’s values for each vehicle were increased by the WCV from (ABNT NBR 7188, 2013).
Therefore, the loading for each type of traffic spectrum (according to the literature) was considered
individually, closely to the structure's weight, determining the maximum and minimum bending
moments in the middle of the largest span.

According to (ABNT NBR 6118, 2014), it was adopted the index of the elasticity modulus of steel
(Es) and concrete (Ec) as 10; and the damage caused by vehicles with loads below 30 kN was
ignored. As for the neutral line (X)) and the inertia (1) of the section in the second deformation
stage, and the distance from the compressed section of the beam to the reinforcement’s bars gravity
center submitted to tensile stresses (d), these will be the same as those used in the fatigue
verification by limiting the stress variation.

Given that the FSL determination was performed for the girder reinforcement’s bars submitted to
flexural stresses, Equation 1 was used to determine the tension due its own weight and to vehicle
loads.

As for the characterization of the vehicle spectrum, this was based on the literature, to determine
the active loading on the structure and the FSL. Considering the impossibility of measuring the
current vehicle traffic, the database described by (Rossigali, 2013; Santos, 2013) was used.
According to the authors, the heavy commercial vehicle traffic can be represented by 27 classes
with different dimensions (longitudinal and transversal), different distances between axles, and
different loads per axle. An example of the characteristics from one of the 27 classes studied (2CC)
is presented in Table 1. The characterization of heavy vehicles that travel on the Brazilian road
system, described by (Rossigali, 2013; Santos, 2013), was made at different intervals (1999 - 2011)
and with different aids from different highway administrators.
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Table 1. Relative frequency of vehicle class 2CC, by weight range.

Vehicle dimensions and | Weight Total | Absolute | Volume] Relative
Silhouette axles range weight | frequency | (vehicle | frequency
(kN) (%) / day) (%)
. , 1 18,93 | 0,260 15,60 2,35
2 single axles: 1 wheel axle
1.20 m from the front; 2 37,28 | 1,995 | 119,70 | 18,03
1 axle with double wheels at
3.84 m from the first axle; 3 55,62 5,490 329,40 49,61
Rear overhang = 1.75 m; 4 73,96 2,609 156,54 23,58
Total width = 2.20 m;
Transverse distance between 5 92,31 0,634 38,04 5,73
adjacent tires =0.25 m; 6 110 65 0.037 299 0,33
Axle gauge (distance i : i
between wheel centers) = 7 128,99 0,022 1,32 0,20
1.70m. 8 147,34 0,019 1,14 0,17

The vehicle type (according to the class) and the number of vehicles (in each class) directly
influence the intensity of the bending moments, stress cycle and, consequently, the damage due to
fatigue. The volume of vehicles in each class was determined by multiplying the average daily
volume of vehicles by the absolute frequency (in each weight range, for each class).

According to (Rossigali, 2013), highways with only one lane per direction (such as the bridge
studied here) have an average daily volume of 6 thousand vehicles per day. The absolute frequency
represents the number of observations in each range regarding the total number of observations.
The relative frequency is the relation between the volume of vehicles from the same class. The
total number of vehicles in each class is shown in Table 2.

Table 2. VVehicle volume for each of the 27 classes (considering all ranges).

Class VO'Pme Class VoI_ume Class VO'Pme Class Volgme
(vehicles) (vehicles) (vehicles) (vehicles)
2CC 663,96 3C3 15,30 213 22,26 3T4 278,40
2C 745,32 3D4 9,60 3S1 10,14 3T6 51,18
3C 1026,96 2S1 268,92 3S2 44,52 3M6 10,02
4C 8,70 2S2 718,08 3S3 368,82 2CB 477,12
2C2 89,88 2S3 681,24 3I1 12,72 3CB 122,16
2C3 16,62 211 8,82 312 7,86 3BB 122,16
3C2 17,10 212 106,98 313 95,16 - -
Total 6000

The position of the vehicles also influences the stress diagram. In this work, the position of the
vehicles (according to the literature spectrum), was adopted in the center of the lane as
recommended by (National Department of Infrastructure and Transport, 2005) and (Toledo, 2011).
For the envelope of efforts, the loads due to traffic were increased by WCV, proposed by (ABNT
NBR 7188, 2013).
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4. RESULTS AND DISCUSSION

4.1. Girder mechanical properties

The resistant section (width) of the girder flange, neutral line and inertia were determined in the
second deformation stage. With these results, the structure resistant moment was calculated so that
structural reinforcement’s bars could be made. (in case it was smaller than the bending moments
due to the loads from (ABNT NBR 7188, 2013)).

This way, given that the flange width of the girder is 401,60 cm, the neutral line of the section in
the ultimate limit state (x) is 10,35 cm, the neutral line of the section in Deformation Stage Il (x2)
is 32, 45 cm, the moment of inertia (M) is 6.512,37 kN.m and the resistant moment (I.) is equal to
4.05x107 cm4.

Considering that the bridge was designed according to (ABNT NBR 7188, 1984) (current standard
at the time when the project was designed), the structure was analyzed considering the permanent
loads (Brazilian Load Model equal to 300 kN), and the impact coefficient (¢) of 1,23, specified in
(ABNT NBR NB-2, 1961), as indicated by (Pfeil, 1979). The result is shown in Figure 2.

_|6.60m

11.20m

e 33.60m s 3360 m e 28.00 m

— 170.00m —=

Figure 2. Envelopment of efforts due to the 300 Brazilian Load Model and ¢ = 1.23.

The bending moment in the middle of the central span is 6.720,64 kN.m, therefore, close to that
calculated using the balance equations of forces, with a difference of 208.27 kN.m, or
approximately 3.2%. In this way, it is attested that the bridge was designed according to the
standards of that time (1987). The methodology to calculate the strength of the reinforcement’s
bars was validated by the balance of forces equations and the representative model of the bridge
structure.

4.2. Fatigue verification

The fatigue efforts were determined according to the loadings of (ABNT NBR 7188, 2013). After
determining the permanent loads, the Brazilian Load Model (TB-450 kN) and the crowd load were
increased by the WCV (WCV = 1.60), obtaining maximum and minimum shear forces (467,43 kN
and -467,38 kN, respectively) and maximum bending moments (8.904,07 kN.m) and minimum
(1.083,10 kN.m), as shown in Figures 3 and 4, in the middle of the largest span of the bridge.
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Figure 4. Bending moment envelope with TB-450 increased by WCV (ABNT NBR 7188, 2013).

Therefore, it was performed the fatigue verification about the bridge over the Chapecd River,
considering the recommendations of (ABNT NBR 6118, 2014) for reinforcement’s bars subject to
bending, compressed concrete and for shear reinforcement’s bars (stirrups).

4.2.1 Flexural reinforcement

The verified section of the girder has 24 steel bars with a diameter equal to 22,2 mm (Steel area =
92,90 cm?). For this diameter, (ABNT NBR 6118, 2014) recommends that the stress in the
reinforcement’s bars must be limited to Afsq rqq = 180 MPa. Thus, considering the mechanical
properties of the studied girder section, it was performed a fatigue analysis for reinforcement’s bars
submitted to flexural moments in the middle of the largest span of the bridge over the Chapecd
River, considering the loads of 450 kN (Brazilian model) and the weighting coefficients of the
vertical loads from (ABNT NBR 7188, 2013).

To determine the maximum and minimum stresses on the bars, Equation 1 was adopted. In the
section investigated, the stress variation (osmax - osmin) Was 190,39 MPa, in other words, bigger
than the limit (180 MPa) for 22,2 mm bars. Therefore, this section is not safe against fatigue.

4.2.2 Concrete in compression

The fatigue verification for the concrete in the middle of the bridge span was performed only with
compressive loadings because this represents a real situation. According to (ABNT NBR 6118,
2014) this tension must be limited to 45% of the concrete project resistance. In addition, the
tensions must be obtained in a distance no longer than 30 cm from the compressed section. Thus,
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given that the neutral line at the second deformation stage was equal to 32,45 cm, tension variation
was corrected by triangle similarity.

To determine the stress variation caused by the maximum and minimum moments in the middle of
the largest span of the structure, Equation 2 was used. The compressive stress variation at this point
was equal to 3,56 MPa, lower than the standardized limit (6,43 MPa). In this way, the compressed
concrete section is safe against fatigue.

It is important to note that, according to (Al-Khaiat and Fattuhi, 2001; Elaty, 2014), concrete has
gained resistance over the years. This resistance gain depends on variables such as water/cement
ratio, exposure conditions (temperature, humidity) and curing regime. Despite a higher strength,
the concrete contributes to reducing the damage associated with fatigue. This consideration could
not be included in the present study due to administrative limitations. Thus, this verification
assumed the worst-case scenario, that is, keeping the concrete resistance constant.

4.2.3 Shear reinforcement’s bars

The girder section under investigation has steel stirrups $10.0 mm (steel area = 4,62 cm? / m),
spaced at 17 cm. For this diameter, (ABNT NBR 6118, 2014) recommends that the tension be
limited to Afsq rqaq = 85 MPa. As addressed by (Pfeil, 1979), the shear stress variation in the middle
of the longest span of the bridge was 467,43 kN to -467,38 kN. However, the tensions must be
considered ranging from 0 (zero) to the maximum value, in this case 467,43 kN.

To determine the stress variation in shear reinforcement’s bars, Equation 3 was adopted, according
to (ABNT NBR 6118, 2014). Regarding efforts, they were corrected for the combination according
to the service limit state (SLS) to fatigue.

The stress variation in reinforcement’s bars for shear efforts (stirrups) was 122,26 MPa. This value
is higher than the limit (85 MPa) for $10.0 mm bars, according to (ABNT NBR 6118, 2014).
Therefore, the section under shear is not safe against fatigue.

4.3. Accumulated damage and fatigue service life

The calculation of the damage must consider the tensions due to the real vehicle spectrum and the
S-N curve (Woeller Curve), from (ABNT NBR 6118, 2014), as described by Equation 6. The
tension limit value was calculated based on reinforcement’s bars type T1, which according to
(ABNT NBR 6118, 2014) has an S-N curve with angular coefficients of ky =5 and k> = 9. The
limit number of cycles to fatigue adopted was N = 1x10° cycles. This number represents the point
of change in the slope of the S-N curve. Therefore, the tension limit value was 194,41 MPa.

For values of stress variation lower than 194,41 MPa, it will be considered the curve stretch with a
slope equal to 9. For variations above the limit value of N = 1x10°, a slope equal to 5 will be
adopted. Considering Equation 5 with N, equal to 1x10° cycles, Sy equal to 194,41 MPa, exponent
of the fatigue curve (m) varying between 5 and 9 and the tension in the material (S) due to each
weight range for each vehicle class, the number of cycles N to fatigue was determined.

Then, adopting the traffic volume equal to 6.000 vehicles / day (2,19 million/year), it was calculated
the damage in the structure and the accumulation of damage per year (Dano), according to the
Palmgren rule Miner (Equation 5), that is, the summation of the division between the number of
vehicles in each class and weight range that transited for one year and the number of fatigue cycles
due to their loading.

The service life of the structure is reached when the summation of the damages is equal to 1.
Therefore, the difference between the unitary value and the total damage in the reinforcement’s
bars submitted to fatigue for a year, determines the service life, in years. Table 3 shows the damage
accumulation for each vehicle class in the spectrum of (Rossigali, 2013), and the FSL, considering
the weighting coefficients of the vertical loads from (ABNT NBR 7188, 2013).
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Table 3. Accumulation of damage and fatigue service life of the bridge over the Chapeco

River.
Class Silhouette Description Total Class Silhouette Description Total
Damage Damage
/i Semi-trailer
2CC [ — Truck 1,53E-08 213 ﬁ truck 3,18E-04
K . Semi-trailer
2 | fgn Truck 297E-07 | 3sL | gl | i 3.17E-07

L ) Semi-trailer
3¢ | bgrraoo Truck 627E-05 | 352 | g | o 4,10E-05
18 | L3 woon Truck 3,52E-06 3SC3' a..__| SeTr'JgE"er 5,44E-03
s Truck + 3S3- Semi-trailer
2C2 E‘Lﬂr o0 Trailer 2,19E-06 L @Q truck 9,29E-03

i ' Truck + , Semi-trailer
2C3 E‘L‘fv 00 Trailer 4,32E-05 311 @ truck 3,71E-04

Truck + Semi-trailer

bl - f sl -
3C2 | igumpro—g Trailer 3,928-05 Nl - | — truck 1,69E-05
Truck + i o Semi-trailer i
3C3 @Q Trailer 8,38E-05 MW | Bes oo truck 5,01E-03
i Truck + i & B-Double Cattle i
3D4 ; Trailer 7,47E-04 3T4 | | ; p — Trailer 2,21E-02
251 | A Truck + 1,37E-06 | 3T6 | & Road Train 7,88E-03
%é\ O sa—o Trailer ' = !

2o '7’7 Truck + 317605 | am6 | & A B-Double Cattle 3,04E-03

E——=. .2 Trailer Trailer

2S3- | Truck + | =0

S | fhpase | Tt | 663E03 | 2CB | Fg———gn Bus 1,35E-06
2S3- | Truck + AT

L Ei\_o_ﬂooo‘ Trailer S75E-03 | 3CB | "g=—90" Bus 9,88E-06
o1 - Truck + 155E-04 | 3mB | E22T= BUS 9 88E-06

b argy Trailer ' ] = '
i Semi-trailer
22 | Lo o truck 2,15E-05 Y total 6,71E-02

Therefore, the service life of the bridge over the Chapeco River, considering the vehicle traffic of
Rossigali (2013) increased by the impact coefficients of (ABNT NBR 7188, 2013), is equal to
14,91 years, with an accumulated total damage of 6,71E-02.
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5. CONCLUSIONS

This study was developed to verify if a bridge designed in 1987, according to the current standards
at that time (ABNT NBR NB-2, 1961; ABNT 7188, 1984) is still safe against fatigue considering
the current standards (ABNT NBR 7188, 2013; ABNT NBR 6118, 2014). The most critical
situation of the structure was studied - the girder in the middle of the central span. It was possible
to draw the following conclusions:

¢ In the fatigue verification for longitudinal reinforcement’s bars subjected to simple bending,
considering the loads from (ABNT NBR 7188, 2013), the acting stress was above the limit
specified by the standard, (190,39 > 180 MPa). In relation to the transverse reinforcement’s
bars, the stress was approximately 44% higher than the limit specified in the standard, also
did not meet the safety criteria for fatigue either.

¢ In the verification of concrete under compression, considering the loads of (ABNT NBR
7188, 2013), the section investigated proved to be safe, with an acting stress of 3,56 MPa,
below the limit of 6,43 MPa. Thus, it can be concluded that if fatigue occurred in the
structure, it would initially occur in the stirrups, and not in the concrete.

e The FSL, due to the real vehicle traffic spectrum of (Rossigali, 2013) and increasing
coefficients of dynamic loads from (ABNT NBR 7188, 2013), was 14,91 years. This was
because the current loads considerated here performed in tensions much higher than the
fatigue limit for the flexural reinforcement’s bars.

e After the fatigue verification using the stress limitation method and the damage
accumulation, it was concluded that the flexural reinforcement’s bars and the stirrups of the
bridge over the Chapeco River did not meet the fatigue verification. In fact, only the
concrete compression met the requirements considering (ABNT NBR 7188, 2013). For a
real vehicle spectrum, the reinforcement’s bars submitted to flexural stresses did not meet
the safety criteria of the Palmgren-Miner rule (damage accumulation).

It is important to note that although the analyses were made on a real case, the loads characteristics
(vehicles, traffic) does not necessarily represent the real traffic conditions to which the bridge is
subjected. Thus, measuring vehicle characteristics and traffic in situ could result in different ages
of FSL.

In addition, it is recommended that a thorough study of the structure is performed for an overall
assessment of fatigue, as long as some of the other elements are also subjected to relevant stress
variations. Therewith, a global analysis is required for a better understanding of fatigue behavior.
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