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Abstract

The long span orthotropic bridge decks applied around the world are used with open or
closed cross-sectional longitudinal ribs placed below the steel deck to increase the
strength of the deck. Fatigue cracks are developed in the longitudinal ribs due to traffic
loadings. In this study, v type of longitudinal rib cross-sections are modelled and the
stresses for the rib are evaluated under tire load loading using finite element analysis.
Longitudinal ribs are used for long span steel bridges. The aim of this study is to
compare the fatigue crack path of the longitudinal rib on a real bridge with the stress
pattern in the finite element model.

Keywords: Finite Element, Orthotropic deck, Fatigue crack stop hole, Steel bridges,
Longitudinal rib
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1. Introduction

Longitudinal ribs constructed in the steel bridges are divided into two categories: (a)
open cross-sectional ribs and (b) closed form longitudinal ribs. The strength of the
open form longitudinal ribs are less than that of the closed form ribs and thus open
form ribs are not utilized in practice (Fig. 1). Closed form longitudinal ribs generally
consist of triangular and trapezoidal cross sections. The triangular longitudinal ribs
were usually utilized in the steel bridges constructed before 1980s. Trapezoidal
longitudinal ribs have been built in the bridges designed after 1980s. The main reason
can be easier construction of the trapezoidal ribs than that of the triangular ribs. The
secondary reasons may be considered as the top width of the trapezoidal rib is larger

and less ribs are required for construction of bridges and thus labour is reduced.

The experimental studies on triangular longitudinal ribs are very few. Generally, steel
bridge decks were modelled using finite element method (FEM) and the stresses at the
critical regions were obtained. Stresses along the bridge decks were determined using
different analysis programs [1-22]. Therefore; realistic information about the behaviour
of the bridge decks under the loadings and the crack regions can be obtained. However,
the stresses found by the analysis cannot reflect the real situations due to the
assumptions done in the simulations. The results are getting closer to the real numbers
depending on the assumptions made in the program and the formulae used in the
analysis. Therefore; the finite element method is a well-recognized method in the

World due to giving closer results to the real values.

Empirical equations were derived to calculate the construction expense of a bridge
depending on the thickness of the plate and the minimum thickness of the plate to be

used in the bridge was obtained [16]. This study was performed on the bridges having
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less traffic loads and thus it may not be utilized for the bridges having long span and

heavy traffic loads.
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Closed form longitudinal ribs

Figure(1): Steel orthotropic deck longitudinal rib types

2. Objectives

This study aims to investigate longitudinal rib body and diaphragm plate cracks
modelling. The connection between the crack paths along the ribs on a real bridge and
the stress distribution on the FE model is studied. The cracks on the rib — rib
connection and rib — diaphragm plate connection are separately modelled. In the
diaphragm plates cracks repaired with wusing different drilled holes diameter are
evaluated. In addition, a parametric study is performed by changing the length of the
cracks occurred downward at the region where the diaphragm plate and side of the rib

are connected.

3. Details of the Longitudinal Ribs

Triangular longitudinal rib examined analytically in this study is shown in Fig. 3. The
cross-sections of the rib studied here are the details of existence ribs used in Bosporus
bridge in Istanbul [23, 24]. The distance between two ribs is 300 mm. The connection
plate of the ribs is modelled the same for each rib detail. The length of the lap splice is

modelled as 15 mm and the distance between the ribs is defined as 150 mm. The
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connections are welded through ribs and the sides of the connection plate. The welding
used to connect the ribs to the upper plate is not taken into account in the analysis. The
depth of the ribs is defined as 1500 mm the height of the diaphragm is 750 mm selected
so that no stress concentration could occur under the rib. Diaphragm is welded both on
the sides of the rib at the centre of the rib and top plate and defined as fix bottom side

of the diaphragm plate. The perpendicular edge of the diaphragm is not constraint

which are free to move and the thickness is 8 mm (Fig. 4).

Figure(2): Triangular longitudinal rib to rib connection region fatigue cracks.

Figure(3): Triangular longitudinal ribs to diaphragm plate region fatigue cracks.
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Figure(4): Triangular rib and diaphragm plate details (dimensions in mm).

4. General crack path of the ribs

Cracks are generally occurred at the connection areas of the ribs. These areas are the
regions where the ribs are connected side by side and the point ribs are connected to the
diaphragm plates. Cracks occurred at the connection region of the ribs are shown in
Fig. 2. The second type of the cracks is shown Fig. 3. The third type of cracks develops
downward at the welds between the diaphragm plate and the longitudinal rib (Fig.5b).

These three types of cracks are investigated in this study.

Figure(5): Diaphragm plate bottom fatigue crack repair with different hole diameter and crack
between diaphragm plate and rib different crack length details (dimensions in mm).

5. Finite Element Modelling of the Ribs
In this study, the longitudinal rib and the components of the deck used in orthotropic
bridge decks and a part of a tire (275/70 R22.5) used for transportation buses are

modelled using a finite element program. The surface area of the tire gets larger when
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the axial load from the transportation wvehicle is applied, thus larger surfaces area is
accounted in the FE analysis. The width of the model is defined as the depth of the

longitudinal rib. The longitudinal rib in this study consists of triangular cross-section.

The longitudinal ribs, the upper plate and the tire are defined using steel material. The
young modulus and poison ratio are given as 210 GPa and 0.1, respectively. The road
is modelled using asphalt material and the young modulus and poison ratio are 2.5 GPa
and 0.3 respectively. The reason of modelling the tire with steel material is that the
most important part of the analysis is to evaluate the longitudinal rib and not to have
any unexpected deformations in the tire. All the materials in the finite element model
are defined using solid homogenous material type. The boundary conditions of the
longitudinal rib and the upper plate at each end location are constrained in
displacement and released in rotation. The connections between the asphalt and the
upper plate, and the longitudinal rib and the plate are modelled using tie constraint in

the analysis.

The thicknesses of the plates are 8 mm and 12 mm for the longitudinal rib and the
upper plate respectively. The thickness of the asphalt is taken as 33 mm. The weld
thickness in the connection region is defined as 5.5 mm. An 8 mm thick plate is used to
connect the longitudinal ribs and the length of the lap splice is defined as 15 mm. The
connection plate is taken as 180 mm long. The interaction between the connection
plate, the weld and the longitudinal rib is chosen as tie constraint to provide full
connection. The thickness of the diaphragm plate is 8 mm and height of the plate is 750
mm diaphragm plate and longitudinal rib connect with tie constraint and weld between

diaphragm plate and rib is not defined.
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The mesh size for the whole finite element model is around 10 mm and an 8-node
linear brick element (C3D8R) is defined for the mesh element as shown in (Fig. 6). The
axial load of 100 kN concentrated force of is applied at the centre of the tire. This load
is taken from Turkish bridge code weight hos H30S24 truck having 240 kN axle load.
There are 4 tires at each axle and thus a load of a tire is 60 kN. The normal load from a

tire is accounted as 90 kN when the dynamic amplification factor is taken as 1.5.

<>

b)

.L (a) Linear element
e (8-node brick, C3D8)

Figure(6): Finite element assembly mesh (a) and element type (b)

In this part of the analysis, longitudinal ribs are continuous under the bridge deck. The
stresses on the longitudinal rib of a bridge deck due to tire loading are examined along
the deck and away from the support regions of the bridge. The finite element model is
built as if the tire passes in the middle of the longitudinal rib (Fig. 7). Hard contact

interaction and friction are defined between the tire and the asphalt surface.

... bottom path

Figure(7): Finite element modelling continuous rib cross-sections and bottom and center paths

=
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The connection region of the longitudinal ribs is also considered in this study. This
region is generally constructed 1 m away from one end of the sector plate under the
bridge deck for the real bridges. A finite element model of the connection plate and the
weld to be used to combine the upper plate and the longitudinal rib is created. The
thickness of the weld is chosen as 55 mm and applied around the thickness of the
connection plate as a triangular welding. The lap splice of the connection plate on the
ribs is 15 mm and the length of the plate is 180 mm (Fig. 8). Full interactions (tie
constraint) between the plate and the weld and between the weld and the longitudinal

rib are provided.

Figure(8): Finite element modelling rib connection area and diaphragm plate with continuous
longitudinal rib

6. Parametric Analysis of the Ribs

The maximum principal stresses and the maximum deformations of the triangular
longitudinal ribs are evaluated. The stress and the deformation contours along the
vertical line perpendicular to the tire axis are shown in Fig. 9. In the model continuous
rib, rib to rib connection region, and rib with diaphragm plate the maximum principal

stress as seen in Fig. 9.
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Figure(9): Max. Principal stress contours in the continuous rib (a) section view (b), and on the
connection area (c) diaphragm plate with longitudinal rib (d)

6.1 Effect of Tire position on the ribs

The tire position is changed along the centre of the rib in this part of the analysis. The
maximum principal stresses on the centre axis of the rib and on the longitudinal axis of
the continuous rib are obtained according to the position of the tire and shown in the
Fig. 10-11. The aim of the analysis is to examine the location of the tire since the tire
does not always affect an orthotropic deck on the centre of the rib. The position of the
tire was defined as 0, 50, 100, 150, 200, 250 mm where zero shows the centre of the rib
and 250 mm shows the furthest location from the centre. The stresses on the centre line
(centre path) of the longitudinal rib are illustrated in Fig. 10-11. In the FE models, only
one rib with a specified length (1500 mm) was considered and there was no interaction

defined from on the rib.
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Figure(10): Longitudinal rib cross-section on the centre of the model
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Figure(11): Longitudinal rib cross-section on the center of the model with diaphragm plate

6.2 Effect of crack repair with hole on the diaphragm plate

In this part of the analysis, the fatigue cracks at the region where the longitudinal ribs
reach to the diaphragm plates are evaluated. The diameter of the drilled hole at the
bottom of the ribs is changed to reduce the stress on the crack paths on the diaphragm

plate. The diameter of the drilled hole is chosen between 20 mm - 50 mm (Fig.5a). The
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stress distribution along the centre path is shown in Fig. 12 and the stress distribution

along the circumference length of the drilled hole is shown Fig. 13
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Figure(12): Longitudinal rib cross-section on the center of the model with diaphragm plate
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Figure(13): Longitudinal rib cross-section on the center of the model with diaphragm plate
6.3 Effect of crack length between diaphragm plate and longitudinal rib
The crack length along the welds between the diaphragm plate and the longitudinal rib

altered from 10 mm to 190 mm in order to evaluate the effect of the crack length on
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one side of the rib. The cracks defined as leaving 1 mm space between the diaphragm
plate and the rib on the diaphragm plate (Fig.5b). The stress distribution for different

crack length is shown in Figure 14.

450

400

—®— W/O crack
350

—&=crack length 10 mm
300
—a— crack length 20 mm
250
—A— crack length 30 mm
200
—&— crack length 40 mm
150
—&— crack length 50 mm

100
—— crack length 100 mm

Max. Principal Stress (MPa)

>0 crack length 150 mm

—— crack length 190 mm
40

Center path different top crack length (mm)

Figure(14): Longitudinal rib cross-section on the center of the model with diaphragm plate

7. Conclusions

The conclusion below are obtained from the FE analysis results.

e The stresses on the ribs are calculated under the maximum tire loading (100 kN)
which is considered as the maximum load of one tire when the truck is fully
loaded. The stress are higher away from the connection region along the bottom
path of the rib for the model with connection plate when the tire is the centre
position. However, the stresses on the welds around the connection plate are
concentrated as shown in Fig 10. This results explains where the cracks start to
grow as also shown in the Fig. 2. These findings are in line with the real

situation.
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There is no difference obtained in the stress along the longitudinal axis of the rib
when the position of the tire is changed. However, the maximum principal
stresses occurred at the bottom point path and as well as on the bottom path of
the rib when cross-sectional stresses are evaluated. The maximum stresses occur
away from the centre of the rib as shown Fig. 10.

The maximum stress values obtained in the cross-section of the rib coincides
when the tire is 200 and 250 mm from centre. It can be concluded that the stress
distribution may be obtained as the tire is 100 or 150 mm away from the centre
since the effect of the length of the rib and the interaction between other ribs are
excluded in the analysis. The maximum stress obtained when the tire is 150 mm
away from the centre line is 1.16 times higher than the stress found in the
analysis with the tire on the centre (Fig. 11). It may be observed that the fatigue
cracks start to occur to the closed side of bottom of the rib. Tire position may
effect to the maximum principal stress on the rib %22 higher depend on the
centre loading.

The maximum stress on the ribs when the crack on the diaphragm plate is
repaired with different drilled hole diameter did not change (Fig. 12). Moreover,
the maximum stresses along circumferential path increased comparing to
without drilled hole. It is concluded that this repair method does not alleviate the
stress concentration around the crack location. Especially, the ratio of the
diameter of the drilled hole to the diameter of the arc at the bottom of the ribs is
greater than 80% the stress concentration is growing around the drilled hole
(Fig.13).

The highest max principal stress occurred on diaphragm plate and ribs

connection region when crack reached 150 mm long (Fig. 14). It is shown that
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the crack length increases rapidly at this point. The maximum stress is doubled
up when the crack length is 150 mm comparing to the maximum stress with no

crack in the connection.

List of abbreviations:

FEM : Finite Element Method
FE : Finite Element

kN : Kilo Newton

FE model : Finite Element Model

GPa : Giga Pascal (kN/mm?)
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