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ABSTRACT

Fatigue is an important design state affecting the safety of the structure. Due to the cyclical effect of vehicle
load, fatigue-induced structural cracks occur in the connection details of steel girders. If the necessary measures
are not taken against these cracks; the cracks grow and as a result the structural elements become unstable, it can
not carry the internal forces and lose their function. The AASHTO Bridge Design Specification classifies fatigue
as load- dependent and distortion-dependent in steel girder bridges and in order to ensure fatigue safety, it is
aimed to prevent or minimize the formation of cracks in structural elements. In load-induced fatigue
investigation; load and stress limits are taken into account in structural elements to prevent fatigue cracks and
fatigue safety is checked for the appropriate connection detail category. In this study, a three-span steel girder
bridge was analyzed under fatigue loads with CSiBridge package program. In the analysis, fatigue design
properties of AASHTO Specification were used. According to the results of the analysis, it has been proved that
the structure is safe from fatigue considering the appropriate fatigue category.

Keywords: steel bridge, composite girder, fatigue, fatigue analysis

CELIK KiRiSLi KOPRULERDE YUKE BAGLI YORULMA ETKIiSININ
INCELENMESI

0z

Yorulma, yapinin giivenligine etki eden 6nemli bir tasarim durumudur. Arag¢ yiikiiniin dongiisel etkisinden
dolay1 ¢elik kiriglerin baglant1 detaylarinda yorulma kaynakli yapisal ¢atlaklar olugsmakta, bu ¢atlaklara karsi
gerekli tedbirler alinmazsa ¢atlaklar biiyiimekte ve sonugta yapisal elemanlar i¢ kuvvetleri tagryamayan kararsiz
bir duruma gelip fonksiyonunu yitirmektedir., AASHTO Koprii Tasarim Sartnamesi ¢elik kirisli kopriilerde
yorulmay1 yiike bagli ve distorsiyona bagli olarak siniflandirmis, yorulma giivenligini saglamak icin yapisal
elemanlarda c¢atlak olusumunu onlemeyi ya da en aza indirmeyi hedeflemistir. Yiike bagli yorulma
incelemesinde; yorulma gatlaklarinin olugsmasini 6nlemek igin yapisal elemanlarda yiik ve gerilme simirlari
dikkate alinmakta, uygun baglant1 detay kategorisi i¢in yorulma giivenligi kontrol edilmektedir. Bu ¢alismada ii¢
aciklikli celik kirisli bir koprii CSiBridge paket programiyla yorulma yiikleri altinda analiz edilmistir, analizde
AASHTO Sartnamesinde yorulma tasarim Ozellikleri kullanilmistir. Analiz sonuglarina gore yapida uygun
yorulma kategorisi dikkate alinarak yapinin yorulma yoniinden giivenli oldugu ispat edilmistir.

Anahtar kelimeler: gelik koprii, kompozit Kiris, yorulma, yorulma analizi
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1. INTRODUCTION

Cyclic loading is the type of loading that causes cracks in the structure as a result of repeated loads and causes
the structure to lose its function as a result of the growth of these cracks. When the structures are classified
according to the loading cycle (Fig. 1), it is seen that the bridge structures are of high cyclic loading class.
Fatigue causes structural damage that affects the performance of bridges [1-3].
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Fig 1. For construction types, fatigue due to cyclic loading conditions [2].

Fatigue-related structural damages in steel girder bridges are crack formation and crack growth. If the
necessary structural measures are not taken as a result of these complications, unstable crack growth, ie fracture,
is formed and thus cannot function as a bridge. Crack formation and growth are expressed in three different
regime regions [4]. These regime regions are as shown in Figure 2, the first region is the crack initiation region,
the second region is the crack propagation region for the steady-state and the third region is the fracture region
for the unstable state [1-7].

fracture

Flaw size.a

propagation

witiation

Cycles. N

Fig. 2. Crack growth regime regions [4].

Fatigue cracks occur due to load- and distortion-induced. In order to minimize the formation of load-induced
fatigue cracks, load and stress limits are taken into account in the structural members. To prevent fatigue cracks
due to distortion-induced, suitable detailing applications are used [1, 7- 11]. When the literature is examined, it is
determined that the studies related to fatigue are mostly based on experimental research. These studies are
generally based on monitoring fatigue cracks, examining fatigue damages and evaluating fatigue safety and some
of the studies are summarized below.

Abdi et al. have examined composite military bridges under cyclic fatigue loading [12]. Mori et al. have
proposed a new parameter for fatigue life prediction on short and medium span girder highway bridges [13].
Kawakam et al. have examined the application of FSM method which is a non-destructive control method for
monitoring fatigue cracks in steel bridges [14]. Fasl et al have examined a probabilistic method for fatigue life
estimation of steel bridges using the deformation data measured in their study and applied this method to a
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critical bridge in terms of fracture [15]. Ye et al. have conducted a general study on the fatigue life of steel
bridges, including the basic elements of fatigue, such as classical fatigue analysis methods, data-based fatigue
life assessment and reliability-based fatigue status assessment [16]. In his study [17], Sakagami has developed a
non-destructive assessment technique using infrared thermal imaging, called NDE technique, to detect fatigue
cracks in steel bridges and to assess structural integrity. In their study [18], Zhang and Au have proposed an
advanced probabilistic loading model to simulate vehicles crossing bridges based on measurements, taking into
account the rate of change in annual traffic. Kong et al. have proposed a strain sensing technology for monitoring
fatigue cracks in steel bridges [19]. Kwad et al. have proposed an approach with finite element modeling and
area measurements on an old steel bridge and have made fatigue assessment [20]. Sekiya et al. have proposed an
imaging system that demonstrated the relationship between displacements and vehicle positions on the bridge
[21]. Hasni et al. have examined the detection of fatigue crack in steel bridge girders [22]. Djokovi¢ et al. have
conducted a study on the prediction of fatigue life of steel bridges by fracture mechanics. [23]. Karunananda et
al. have investigated the effect of high amplitude loading on the estimation of fatigue life of steel bridges [24].
Pipinato et al. have used the LEFM (Linear Elastic Fracture Mechanics) approach, a probabilistic approach, in
their study [25] to assess fatigue safety under seismic loading on steel girder highway bridges. Macho et al. have
conducted a laboratory test to see the effect of corrosion on static and fatigue strength of structural elements in
an existing steel bridge [26].

In this study, the fatigue effect of the three-span steel girder bridge, which is widely used in the literature and
given in Ref. [11], is examined with CSiBridge package program using 3-D precision solution method [11, 27].

2. MATERIAL AND METHOD

2.1. Load-induced fatigue effect

In bridge structures subject to high cyclic loading due to vehicle load weight effect, fatigue limit state designs
defined in AASHTO Bridge Design Specification are applied to ensure the strength of the structure. The fatigue
boundary state design is the limitation of the stress range with fatigue strength in each structural component
detail of the bridge [1, 10, 11, 28].

According to the AASHTO Design Specification, fatigue investigation is carried out by applying Fatigue | and
Fatigue Il limit states. In Fatigue I limit state, high traffic density is accepted by the infinite life design approach
on the bridge and HL-93F fatigue vehicle is used in calculations. Fatigue | limit state is expressed in eq 1. [1, 10,
11]:

(AF), = (AF)ry M)

In expression (1), (AF),, is nominal fatigue resistance, (AF)ry is constant amplitude fatigue threshold taken
from AASHTO Table 6.6.1.2.5-3 (this threshold value is determined according to the fatigue detail categories
defined by structural connection detail in AASHTO Specification). AASHTO Table 6.6.1.2.3-1 includes fatigue
category characteristics in connection details for all steel bridge types. The most common connection detail
categories in I-girder bridges are given in Table 1. These detail categories are shown in Fig. 3 on a typical girder.
In the load-induced fatigue design, the most common detail types and categories of these connection details for
I-girder are checked for fatigue safety [1, 7, 11].
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Fig. 3. Fatigue categories for steel girder connection details [7]

Table 1. Fatigue detail categories for steel I-girder [10]

Type of Details Category
Base metal and weld metal at full penetration groove-welded B
splices
Base metal at gross section of highstrength bolted slip-critical
connections (bolt gusset to flange)
Base metal at fillet-welded stud- type shear connectors
Base metal at toe of transverse stiffener-to-flange and transverse &
stiffener-to-web welds
Table 2. Characteristic fatigue strengths for detail categories [10]
Constant- A Fatigue 11 Fatigue |
Detail Category (x 108 AF, = (A/ )1/3 AF, = (AF) 1y
(ksi®) n— A\ /N (ksi)
(kst)
B 120.0 28.37 16.0
C 44.0 20.31 10.0
C 44.0 20.31 12.0
E 11.0 12.79 4.5

In Fatigue 11 limit state, the bridge has a finite design life approach, traffic density is considered low and P9
vehicle which is a fatigue design vehicle type is used in calculations. Fatigue Il limit state is expressed in eq 2.

[1, 10, 11]:
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1

@R, = (3) @

In expression (2), (AF),, is nominal fatigue resistance (Table 2), A is constant value dependent on the detail
category taken from AASHTO LRFD Table 6.6.1.2.5-1, n refers to the number of cycles of the stress range per
truck pass taken from AASHTO LRFD Table 6.6.1.2.5-2. N is the number of cycles of the stress range and is
expressed by the eq 3. [1, 10, 11]:

N = (365)(75)n(ADTT)s, 3)

In expression (3), (ADTT)g, refers to the average daily truck traffic for a single lane during the design life on
the bridge. This value is taken as 2500 for Fatigue | limit state and 20 for Fatigue Il limit state in calculations
[10, 11]. Number of cycles in the stress range is limited is to the minimum number of stress cycles (N;y)
corresponding to the constant amplitude fatigue threshold. Ny is expressed in eq 4. [1, 10]:

A

Nry = [AF)TH]3

(4)

The relationship between fatigue strength and the number of cycles of stress range per truck pass depending on
fatigue boundary state design is shown graphically in Fig. 4. On the bridge, the number of cycles of stress range
due to vehicle passage increases up to the constant amplitude fatigue threshold (N < Nypy), whereas fatigue
strength decreases. This is the design acceptance of the finite bridge life. In the infinite bridge life design, the
number of stress range cycles is above the fatigue threshold (N > Ny ) and fatigue strength is considered to be
constant [1, 10].
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Fig. 4. Relationship between fatigue strength and number of cycles [10].

2.2. Fatigue analysis with CSIBRIDGE package program

Fatigue analysis of three span composite steel I-girder bridge is performed in CSiBridge program in this study.
In fatigue analysis, Fatigue | and Fatigue Il limit state conditions are taken into consideration and HL-93F and
P9 fatigue vehicles are used in the analysis. The design features of these vehicles are included in the program by
default. In the crossing of fatigue vehicles, the dynamic load allowance is applied as 1.15 for both vehicles. In
addition, only axle weights of the vehicle are taken into account in the analysis since there is a single vehicle
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transition acceptance approach in the crossing of fatigue vehicles; lane load is not used in the calculations. The
design features of the bridge are given in Figure 5.

s, 58" 5'
’ Lane2 Lanel Lane3 Laned
— t += —
| 12' = | 12' 7 g2 %
1 1 1 1 T
Abut 1 Pier 2 Pier 3 Abut 4
e N > o 4.8 -
| 110" | 165" | 125" |
] 1 1 11

Fig. 5. Example of steel I-girder bridge [11].

The bridge is modeled as110-165-125 ft long and 20 degree skew from the axis in CSiBridge. There are 5 steel
girderss on this bridge: 3 interior and 3 exterior. According to the span feature on the bridge; there are road
lanes, these lanes are Lane 1, Lane 2, Lane 3 and Lane 4. This modeled bridge is shown in Figure 6.

Fig. 6. Modeling of the three span steel I-girder bridge with CSiBridge.

In fatigue analysis, a single design lane is considered. Fatigue inspection is carried out for the interior girder;
so in the design loading, the loaded lane is taken as Lane 2. According to the analysis results, Fatigue | and
Fatigue Il limit state load combinations of AASHTO Design Specification are applied for fatigue assessment.
These load combinations are expressed in eq 5. and eq. 6. [11]:

Fatigue I: 1.5(DF) (LL+IM) 03 (%)

(6)

In these expressions, (LL + IM) is the weight effect of vehicle loads and DF is the live load distribution factor.
It is assumed that the DF coefficient is included in the calculations by default.

For Fatigue | analysis, HL-93F vehicle is loaded into the structure and the system is analyzed only under
vehicle load. Accordingly; force effects are shown in Figure 7, positive moment and negative moment in the
middle of the second span are obtained as 1300,83 kip-ft and -211,78 kip-ft.

Fatigue 11: 0.75(DF) (LL+IM)p.9
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Distance From Start of Bridge Object ~ | |187,6471 Bridge Cut [+] Snap to Computed Response Points
Reaponae Before Current Location 1300,8301 |8 [Z] show cut
Reaponse After Current Location 1300,8201 9 [] show Cut

Fig. 7. Moment calculated with CSiBridge due to HL-93F vehicle loading.

For Fatigue-1 infinite bridge life, bottom flange design control:

-M | _ 1300.83(12) , 211,78(12)
sneb| 4,018 3,200

@F), = [ 22|+

SsTb

(AF), = 4,68 ksi

Where, Sgr, and Sycp, are short-term and long-term composite elastic section modulus in bottom flange,
respectively.

For Categori C’ (AF)y = 12 ksi (Table 2); 4,68 < 12 (appropriate for fatigue design)
For Categori B (AF)ry = 16 ksi (Table 2); 4,68 < 16 (appropriate for fatigue design)

For Fatigue-1 infinite bridge life, top flange design control:

+M

(AF), = S
STt
(AF),, = 1,44 ksi

__1300.83(12) , 211,78(12)
22,489 3,380

| -M
Snct

Where, Sgr; and Syc; are short-term and long-term composite elastic section modulus in top flange,
respectively.

For Category C (AF)ry = 10 ksi (Table 2); 1,44 < 10 (appropriate for fatigue design)

For Category C’ (AF)y = 12 ksi (Table 2); 1,44 < 12 (appropriate for fatigue design)
For Category B (AF)ry = 16 ksi (Table 2); 1,44 < 16 (appropriate for fatigue design)
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For Fatigue Il analysis, P9 vehicle is loaded into the structure and the system is analyzed only under vehicle
load. Accordingly; force effects are shown in Figure 8, positive moment and negative moment in the middle of
the second span are obtained as 1740,10 kip-ft and -289,96 kip-ft.
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Fig. 8. Moment calculated with CSiBridge due to P9 vehicle loading

For Fatigue-I1 finite bridge life, bottom flange design control:

+M

| —-M | _ 1740.10(12) , 289,96(12)

(AF)y, = SsTb snepl — 4018 3,200

(AF), = 6,29 ksi

For Category C’ (AF)ry = 21,58 ksi (Table 2); 6,29 < 21,58 (appropriate for fatigue design)

For Category B (AF)y = 30,15 ksi (Table 2); 6,29 < 30,15 (appropriate for fatigue design)

For Fatigue-11 finite bridge life, top flange design control:

+M

SsTt

__ 1740,10(12) |, 289,96(12)
22,489 3,380

(AF), =

| -M
Snct

(AF),, = 1,96 ksi
For Category C (AF)ry = 21,58 ksi (Table 2); 1,96 < 21,58 (appropriate for fatigue design)
For Category C’ (AF)ry = 21,58 ksi (Table 2); 1,96 < 21,58 (appropriate for fatigue design)

For Category B (AF)y = 30,15 ksi (Table 2); 1,96 < 30,15 (appropriate for fatigue design)
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3. CONCLUSIONS

In this study, fatigue analysis of a steel I-girder bridge has been performed by using CSiBridge package
program which make precision analysis and according to the results of this analysis, the girder has been found to
be safe against cyclic loading in terms of fatigue. Fatigue analysis with Line-girder analysis method of the same
bridge is complex, exhausting and time-consuming; with CSiBridge 3D analysis, it is advantageous to achieve
precise results in a short time.

The service load of the bridges and the axle weights of the vehicles passing through the bridges are increasing
day by day. In this case, it is necessary to ensure continuity of use within the designated design life of the
structure without compromising its safety. The continuity of the bridge will be ensured safely by considering the
fatigue safety against the load effect in the bridge design and ensuring the fatigue safety against distortion with
appropriate detailing applications in bridge construction.
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