CHAPTER 1

INTRODUCTION

1.1 Background

In the problem of high-cycle fatigue, fatigue life is generally determined by the
number of cycles until the occurrence of a fatigue crack of several mm in length. Thus,
a small crack is used to indicate the fatigue limit state of steel members. This concept
would be appropriate to the fatigue design for newly constructed steel structures.
However, it is difficult to apply the concept of fatigue limit state to all fatigue damages
in existing steel bridges, because the numbers of fatigue damages have already
amounted to a huge number, while available budget and manpower decease gradually.
On the other hand, among the fatigue cracks, some cracks appear at secondary steel
members, or the crack propagation is under the retention state. The risk of fatigue
damage is different according to the stress condition of steel member. Therefore, for
reasonable maintenance, it is essential to determine a countermeasure for each fatigue

damage based on an understanding of the damage mechanism.

Crack propagation analysis based on fracture mechanics has mainly focused on small
cracks, and a number of studies have proven its accuracy. A short crack which
penetrates the plate thickness is taken as the fatigue limit state, however, some cracks
can continue propagating, and reach to complicated stress field. It is questionable to
apply this concept to maintenance of existing steel bridges. Further studies should be

performed to simulate the propagation behavior of relatively long fatigue cracks.

Some long fatigue cracks have been reported in steel bridges. In Japan, as shown in
Fig.1.1, long through-thickness fatigue cracks have been detected and have gradually
increased in orthotropic steel decks (JRA, 2002; Yuge et al., 2004; Miki, 2005; Xiao et
al., 2008; Ya, 2008). Among them, two types generally originate from repeated



out-of-plane bending due to repeated wheel loads: fatigue cracks at the welded joint
between deck plate and vertical stiffener, and at the welded joint between deck plate and
trough rib. Out-of-plane bending results in high local flexural stresses in the deck plate
and trough rib, because the thicknesses of the deck plate and the trough rib are relatively
thin.
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Fig 1.1 Through-thickness fatigue cracks in orthotropic steel deck

Many efforts have been made by some researchers to clarify the propagation behavior
of through-thickness fatigue cracks subjected to tension by experimental and numerical
analysis studies. The estimation equation of stress intensity factor (SIF), which is an
important factor to determine the crack growth, had been established as well. The stress
distribution under tension is uniform in the plate thickness direction, but the
out-of-plane bending condition causes some difficulties in predicting the crack
propagation due to the gradient stress and the crack closure on the compressive side.
Some researchers have performed experiments and numerical analysis studies on
through-thickness cracking under out-of-plane bending, and they have also proposed a
simple estimating equation for SIF. In the previous studies, the SIF under out-of-plane



bending was obtained under the assumption that the crack front was straight in the plate
thickness direction. However, under out-of-plane bending conditions, the crack growth
rate along the crack front would vary due to the gradient stress and the crack closure on
the compressive side. In addition, the analyses of previous studies were carried out on
relatively short through-thickness cracks. For these reasons, it is questionable to apply
the results to long through-thickness cracks. This study made efforts to establish the
simulation technique for long through-thickness fatigue cracking under out-of-plane
bending.

1.2 Previous research

1.2.1 Crack propagation behavior
1) Stress intensity factor

Linear elastic fracture mechanics (LEFM) is a classical approach to estimate fatigue
crack propagation, life, and growth behavior. This approach quantitatively defines the
severity of damage near the crack tip according to estimation of crack propagation by
stress intensity factor (SIF) proposed by Irwin (1957). The SIF is determined depending
on geometry configuration, loading condition, and crack shape. Newman and Raju
(1981) developed an equation to estimate the SIF of a semi-elliptical surface crack in

tension and bending.

Paris and Erdogan (1963) have established the correlation between the fatigue crack

growth rate and the SIF range as follows,

da
N C(AK) (1.1)

where, C and m are material constants; AK is SIF range which is affected by crack
geometries and applied load, etc. a and N are crack length and number of fatigue cycles,

respectively.



The SIF is the essential parameter to identify the crack growth behavior. Many
researchers have undertaken efforts to evaluate the SIF. A common numerical method is
the displacements extrapolation method (Owen, 1983), wherein the SIF can be
calculated by extrapolating the displacements adjacent to the crack tip. Another
common method is J-integral method (Rice, 1968), wherein the SIF is directly related to
the energy release rate, which is equal to the path independent J-integral. Additionally,
there are other methods to estimate the SIF. The stress method (Broek, 1986; Murakami,
1987) uses the stress directly to calculate the SIF. The nodal force method (Raju, 1979)
calculates the SIF based on the nodal forces. The virtual crack closure-integral method

(Rybicki, 1977) computes the SIF based on the nodal forces and displacements.

2) Direction of crack propagation

In order to predict the direction of crack propagation, several fracture criteria have
been proposed. Typical crack criteria include the maximum circumferential stress
(MCS) criterion (Erdogan and Sih, 1963); the minimum strain energy density (MSED)
criterion (Sih et al., 1974); and the maximum energy release rate (MERR) criterion
(Hussain et al., 1974; Palaniswamy et al., 1978). The MCS criterion assumes that the
fracture occurs in the direction where the circumferential stress is the maximum around
the crack tip. The MSED criterion states that the fracture occurs in the direction where
the strain energy density becomes the minimum. The MERR criterion assumes that a

fracture is generated in the direction where the energy release rate is the maximum.

In fracture mechanics, three modes of cracking are defined based on the deformation
of the crack illustrated in Fig. 1.2. Mode | is opening mode; Mode-II is sliding mode;
and Mode-I11 is tearing mode. The MCS criterion is only applicable to the mixed-mode
I/l conditions. In the MSED criterion, the SIF of mode-Ill has an effect on the
equivalent SIF of the three modes, but has no effect on predicted crack direction, so it is
not applicable to three-mode mixed conditions. On the other hand, the MERR criterion
has a reasonable basis of energy balance and is suitable to apply to a three-mode mixed

crack.
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Fig. 1.2 Three modes of cracking
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b) Out-of-plane bending
Fig.1.3 Through-thickness cracked plate

Most research on through-thickness cracks has addressed the axial tensile loading
condition, in which the stress distribution through the plate thickness direction is
uniform. (Newman et al., 1984; Bakker et al., 1992; Kwon et al., 2000; Su et al., 1996;
Hwang et al., 2004; Wu, 2006; Branco et al., 2008). In this research, the shape of crack



front was assumed to be a straight line, which was perpendicular to the plate surface as
illustrated in Fig. 1.3 a). Hereafter, the shape will be called ‘straight line’.

In order to estimate the SIF of the through-thickness crack under tension, Tada and Irwin
(1973) proposed a simple equation as follows: Equation (1.2)

2B na
K = o+ —tan— 1.2
oVma — an - (1.2)

where, o is nominal stress, a is crack length, and B is half of plate width.

On the other hand, out-of-plane bending brings some difficulties in predicting crack
behavior because of the non-uniform stress distribution along the plate thickness shown
in Fig.1.3 b). SIF distribution along the crack front is not uniform due to the stress

gradient and the crack closure on the compression side.

Williams (1961) performed the numerical analysis research on the SIF of
through-thickness cracking under out-of-plane bending by plate theory. Many
researchers (Sih et al., 1966; Hartranft et al., 1969; Folias et al., 1975) have since
obtained improved methods to calculate the SIF, but all the analytical models assumed
the crack faces to be free surfaces and ignored the crack closure on the compressive side.
John et al. (1975) presented numerical solutions for stresses and displacements near the
crack front by considering the crack closure based on Kirchhoff’s boundary condition.
However, crack closure was only applied along the compressive plate surface, while the
actual crack closure had a certain height in the thickness direction as shown in Fig.1.3
b). Alwar et al. (1983) and Kwon et al. (1989) introduced an analytical model in which
the crack surfaces make contact over an area on the compression side and identified the

influence of crack closure on the variation of SIF through the plate thickness.

In order to establish a simple equation to calculate the SIF of through-thickness
cracks under out-of-plane bending, Erdogan and Roberts (1965) carried out a
comparative investigation on the crack propagation behavior in in-plane tension and

out-of-plane bending. The equation for calculating the SIF in out-of-plane bending was



theoretically deduced based on Eq. (1.1).

The effect of out-of-plane bending was calculated by introducing a correction factor a,
as in Equation (1.3)

2B ma
Kpending = aovma Etanﬁ (1.3)

The correction factor « was set at 0.5, meaning that the crack growth rate under
tension is two times larger than that under out-of-plane bending.

They also verified the theoretical deduction by comparing the test results performed
on a thin steel plate (less than 5 mm thickness). The experimental results agreed well
with the theoretical results. However, the theoretical model assumed that the crack-front
shape was a straight line. Kanazawa and Machida (1974) theoretically analyzed the
characteristics for crack propagation of a through-thickness crack under the combined
load of in-plane tension and out-of-plane bending by assuming the equivalence of the
plastic zone size. They defined the effective SIF as the criterion of fatigue crack
propagation for the through-thickness crack under the combined load of in-plane tension
and out-of-plane bending. The effectiveness of the criterion was confirmed by a fatigue
crack propagation test. However, the crack-front shape was also assumed to be straight,

and the crack closure in the compressive side was neglected.

1.2.3 Through-thickness cracks at rib-to-deck welded joints

Generally, as shown in Fig.1.4, two kinds of fatigue cracks have been observed at the
welded joint between trough rib and deck plate (called ‘rib-to-deck welded joint’
hereafter). One is the root-deck crack initiated from the weld root and propagated into
the deck plate, and the other is the root-weld crack initiated from the weld root and
propagated into the weld bead through the weld throat. Compared with the root-weld
crack, the root-deck crack was detected more frequently in experiments. Therefore,
most of the research (Tsakopoulos et al., 2003; Miki, 2005; Xiao et al., 2008; Sim et al.,

2009; 1zumi et al., 2010) on fatigue cracks at the rib-to-deck weld joint mainly focused



on the root-deck crack.
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Fig.1.4 Fatigue cracks at rib-to-deck welded joint in orthotropic steel deck

As shown in Fig. 1.5, some root-weld cracks detected in actual orthotropic steel deck
have a relatively long length. Moreover, the cracks suddenly change their propagation
direction into the trough rib. The fatigue cracks initiated at the weld root and penetrated
the weld bead. The through-thickness cracks propagated in the longitudinal direction
along the weld bead, and then suddenly changed direction to the rib wall. The damage
to the rib wall may decrease the stiffness of the orthotropic steel deck and cause a
serious traffic disaster. However, unfortunately, the reason why the crack suddenly

propagates into the trough rib is not clear.

Mori et al (2006) performed finite element stress analysis and fatigue test in order to
clarify the cause of the root-weld crack. The influences of weld penetration depth and
position of wheel load on the stress properties were investigated. Ya et al. (2009)
pointed out that the main cause of a root-weld crack is an insufficient thickness of the
weld throat, and increasing the throat thickness can prevent a root-weld crack. Asane et
al. (2011) carried out the fatigue test on orthotropic steel deck models and detected a
root-weld crack with 60~80 mm of length in the test. However, since the direction
change of the crack did not occur in the experiment, the cause of the crack propagation

changing direction was not addressed.
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Fig 1.5 Direction change of through-thickness

1.2.4 Problems concerning through-thickness cracks under out-of-plane bending

Some research has been conducted on through-thickness cracks under out-of-plane
bending. However, there are still significant issues to be further clarified. Some

comments and discussions are as follows.

Firstly, the SIF distribution along the crack front is complicated by the stress
gradient through the plate thickness direction and the crack closure at the compression
side. The SIF distribution along the crack front can affect crack behavior in the next
propagation. The previous studies conducted limited FEA with crack closure on the
compressive side. However, they did not examine the crack closure state for the longer
through-thickness crack, and they did not confirm either the effect of crack length and

plate thickness on the crack closure or SIF distribution along crack front.

Secondly, previous studies established the equations for calculating SIF of
through-thickness cracks under out-of-plane bending based on the assumption that the
crack-front shape was straight. However, since the non-uniform SIF distribution along a
crack front causes uneven crack growth, the crack front may not be a straight line. There
are currently no experimental studies to investigate the crack-front shape of

through-thickness cracks under out-of-plane bending.



Finally, a through-thickness crack at the weld bead sometimes changes its
propagation direction into the rib wall. In order to assess whether it is potentially
dangerous, it is essential to clarify the reason for the sudden change in propagation
direction. Although there are several different fracture criteria for crack prediction, it is
not clear which criteria is suitable for predicting this propagation behavior.

1.3 Research objectives

Based on discussions in the previous section, the purpose of this research is to
identify crack propagation behavior of a long through-thickness crack under
out-of-plane bending.

The objectives of the studies are as follow:

1) In order to investigate the effect of crack closure, plate thickness and crack length on
SIF distribution along the crack front for a through-thickness crack under
out-of-plane bending, an analytical study on cracked plates with various plate

thicknesses and crack lengths was conducted considering the effect of crack closure.

2) In order to identify the crack propagation behavior of a through-thickness crack
under out-of-plane bending, fatigue tests and FEA were carried out. The shape of
crack front was investigated by fatigue tests. The SIF distribution along actual
crack-front shape was examined by an FEA using actual crack-front shape. In
addition, a correction factor that can express the SIF for a through-thickness crack

under out-of-plane bending was proposed.

3) Using the established analytical model, examined the cause of sudden direction
change in a through-thickness crack at the deck-to-rib welded joint in orthotropic

steel decks.
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1.4 Organization of this dissertation

Chapter 1 provides important background, previous studies, objectives and
organization of the dissertation.

Chapter 2 addressed the SIF distribution along the crack front for a through-thickness
crack subjected to out-of-plane bending, considering the crack closure on the
compressive side. The effect of plate thickness and crack length on the crack closure
was investigated by parametric analysis.

In Chapter 3, the crack-front shape of a through-thickness crack under out-of-plane
bending was described. The simple calculation method for SIF of a through-thickness

crack under out-of-bending was examined.

Chapter 4 dealt with the crack growth mechanism of the root-weld cracks in an
orthotropic steel deck by FEA. Stress intensity factors for three deformation modes
were estimated by the FEA and the displacement extrapolation method, and crack

direction was predicted using the maximum energy release rate criteria.

Chapter 5 presented the summaries and conclusions of this study. Some suggestions

for future study were also presented.
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CHAPTER 2

STRESS INTENSITY FACTOR OF THROUGH-THICKNESS
CRACK SUBJECTED TO OUT-OF-PLANE BENDING

2.1 Introduction

An important problem of out-of-plane bending is that the crack closure can occur on
the compressive side. Alwar et al. (1983) performed 3-D FEA on a plate with a
through-thickness crack subjected to out-of-plane bending. They confirmed that the SIF
distribution along the crack front under out-of-plane bending is influenced by the crack
closure. However, the analysis employed limited cases of crack length and plate
thickness. To identify the crack propagation of relatively long through-thickness cracks,
the influence of crack length and plate thickness on the SIF distribution should be

examined.

In this chapter, 3-D FEA was carried out on plates with various crack lengths and
plate thicknesses subjected to out-of-plane bending, and the SIF distribution along the
crack front was investigated. In addition, the shape development of a through-thickness

crack under out-of-plane bending was simulated by a crack propagation analysis.

2.2 Finite element model

Analyses were performed by using ABAQUS Ver.6.7. Fig. 2.1 gives the FE model.
Taking advantage of symmetry, a half model was created. In this analysis, the
crack-front shape was assumed to be a straight line, as described in Chapter 1.
Twenty-node quadratic brick elements were employed, and quarter point degenerated
brick elements were used near the crack front. The size of one quarter point degenerate
brick element was 0.1mm. The crack closure on the compressive side was simulated by
assigning a contact condition between crack surfaces. The friction on the contact
surfaces was ignored. SIF was calculated by the J-integral method. The SIF could be

converted from J-integral which was evaluated from contour integrals. The nominal

12



stress at plate surface is 180 MPa.

A

2L: Plate length
2b: Plate width
h: Thickness

2a: Crack length
M: Bending moment

<Half FE model>

Fig.2.1 Finite element model

2.3 SIF distribution along the crack front
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Fig. 2.2 Stress distribution in plate thickness direction
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As the first step, the SIF distributions under tension and under bending were
investigated. Various load cases with different stress ratios between bending and tension
were applied. Here, bending stress ratio £ is defined as shown in Fig. 2.2. The crack
length (2a) and the plate thickness (h) were 50mm and 10mm, respectively. The plate
width (2b) was 200mm. In order to make a comparison between the different loading
conditions, the nominal stress o4 at plate surface was same in all models, and the value
was 180MPa.
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Fig. 2.3 SIF distribution along crack front under different bending stress ratios (5)

Fig.2.3 shows the SIF distribution along the crack front for each bending stress ratio
(#). Under a pure tension condition ($=0), although the SIFs near both plate surfaces
decrease slightly due to the effect of free surface, as a whole, the SIF distribution along
the crack front is nearly uniform in the plate thickness direction. On the other hand,
when the bending is introduced into the model, the SIF linearly decreases from the
tensile side. Therefore, it can be said that the crack growth of a through-thickness crack
under bending cannot be uniform in the plate thickness direction. Focusing on the
maximum value of SIF for each bending stress ratio, although o4 is same at the plate
surface, the maximum SIF at the plate surface under pure tension (5=0) is about 1.36

times larger than that under pure bending (5=1). From the above results, it is obvious
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that the SIF distribution along the crack front of the through-thickness crack depends on
the bending stress ratio due to the stress gradient and the crack closure. Consequently,
since the different crack growth rate is uneven in the plate thickness direction due to the
non-uniform SIF distribution, the crack-front shape may not be a straight line under

out-of-plane bending.

2.3.2 Effect of crack closure and crack length

As discussed in the previous section, the SIF distribution along the crack front is
non-uniform under out-of-plane bending. Therefore, for the next step, the effect of crack
closure on the SIF was investigated under out-of-plane bending. Two kinds of FE
models were created: a model with the crack closure (hereafter ‘closure’) and a model
without the crack closure (hereafter ‘no-closure’). As mentioned above, the crack
closure was simulated by assigning the contact condition on the crack surfaces. In the
no-closure model, crack surfaces were set as free surfaces. The crack length (2a) was
changed from 10mm to 110mm. The plate thickness (h) and the plate width (2b) were
fixed as 20mm and 200mm, respectively. The nominal stress was set to bel80MPa.
Here, it must be pointed out that the load magnitude had no effect to the area of crack

closure, which was proved by carrying out a preparatory analysis.

Fig. 2.4 shows the comparison of SIF variation between the no-closure model and the
closure model. The SIF variation in the plate thickness direction is almost linear and is
symmetric about the mid-plane of the plate, and this variation trend is consistent with
the bending stress variation in the plate thickness direction. However, the SIF variation
in the plate thickness direction for the closure models is non-symmetric. On the other
hand, the SIFs with 5mm of crack length nearly coincide in both the closure and the
no-closure models, but as the crack length increases, the SIF of the closure model
becomes smaller than that of the no-closure model. Fig. 2.5 shows the difference in the
maximum SIF at the tensile plate surface between the no-closure and the closure model
against the crack length normalized by the plate thickness. The figure reveals that the
longer the crack length is, the larger the difference becomes. Therefore, to estimate the
SIF of through-thickness cracks under out-of-plane bending, the crack closure should be

considered in analytical models, especially for long through-thickness cracks.
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Additionally, it is obvious that the opening region for shorter crack is closer to that for

no closure case, and the height of crack closure region decreases with the crack length

increasing, which is a possible reason why the difference between the closure and the

no-closure models becomes larger with crack length increasing.
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2.3.3 Effect of plate thickness

Most of previous experimental studies were performed on relatively thin plates of
less than 5mm. However, since such thin plates are rarely used in steel members, it is
necessary to clarify the effect of plate thickness on the SIF. In this analysis, the plate
thickness (h) was changed from 5mm to 40mm. The crack length (2a) and the plate
width (2b) were fixed as 10mm and 200mm, respectively. The bending stress at the
plate surface was 180MPa for all of models.

1.0 7 Tensile
side
08 {  h=5mm h=40mm

6,=0,~180MPa

06 1
......... h=5mm
_C —
N e T h=10mm
0.4 --=- h=15mm
— — h=20mm
1 —-—-h=25mm
02 1 _ — - -h=30mm
] Compressive ——— h=40mm
 side
0 5 10 15 20

SIF(MPa-m??)

Fig. 2.6 SIF along crack front with different plate thickness

Fig. 2.6 shows the SIF distribution along the crack front with different plate
thicknesses under bending. It indicates that the maximum SIF at the tensile plate surface
increases as the plate becomes thicker. The SIF at the tensile plate surface for h=10mm
thickness is about 10% larger than that for h=5mm. This means that the crack growth
rate for thick plate is larger than that for thin plate under out-of-plane bending. However,
most research on through-thickness cracks subjected to out-of-plane bending have been
conducted with thin plates (less than 5mm), which are rarely used in steel bridges. The
crack growth rate is considerably influenced by the stress gradient. Under the same

nominal stress at the plate surface, the gradient of bending stress in the plate thickness
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direction varies according to the plate thickness. Thus, plate thickness can be an
influencing factor on the propagation behavior of through-thickness cracks under

out-of-plane bending.

2.3.4 SIF Estimation of through-thickness crack

As mentioned in Chapter 1, Erdogan and Roberts (1965) proposed a simple equation
(Eg. (1.3)) to estimate SIF for a through-thickness crack under out-of-plane bending by
multiplying a correction factor « to Eq. (1.2) for a through-thickness crack under tension.
The correction factor is the maximum SIF at plate surface normalized by Eq. (1.2).
They also suggested 0.5 as the specific correction factor («). According to previous
sections, the SIF of the through-thickness crack was affected by crack length and plate
thicknesses. In this section, the effect of plate thickness and crack length on the

correction factor was investigated by parametric analysis.
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Fig. 2.7 Correction factor a VS a/h

Fig. 2.7 gives the relationship between the correction factor («) and the ratio of crack
length (a) and plate thickness (h). The crack length (2a) and plate thickness (h)
employed for this analysis were 10~110mm and 5~30mm, respectively. The plate width

was 200mm. Since the plate width is possible to influence the SIF, a preparatory
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analysis was carried out to verify it. The analysis results revealed that the plate width
had a relatively small effect on the SIF. Therefore, the effect of plate width on SIF was
ignored. The correction factor is clearly influenced by the plate thickness and crack
length. This leads to the conclusion that the correction factor increases with increasing
plate thickness but decreases with increasing crack length. The correction factor
increases rapidly, especially when the crack length is relatively small. Therefore, there
are still questions that need further investigation in order to apply Eqg. (1.3) to
calculating SIF for various plate thicknesses and crack lengths. In order to improve the
accuracy of the calculation, the effect of plate thickness and crack length on the

correction factor should be considered.

2.3.5 Effect of crack front shape

ABAQUS
Create a FE mesh of the
uncracked component

> ZENCRACK ABAQUS
Create a FE mesh of the [ FE analysis
User input »| cracked component ¢
Additional input e.g,
crack position & size, ZENCRACK
crack growth data etc. Evaluate crack growth Yes
ZENCRACK

Update FE model

Stop Next FE analysis?

Fig.2.8 Flowchart of crack propagation analysis

From the previous sections, it was revealed that the SIF distribution along the crack
front is non-uniform in the plate thickness direction under out-of-plane bending. The
non-uniform distribution of SIF can affect the crack growth along the crack front.

Therefore, the development of the crack front for through-thickness cracks under

19



out-of-plane bending was investigated by crack propagation analysis. Then, the effect of
crack-front shape on SIF distribution was examined.

1) Crack propagation simulation

In this study, the crack propagation was simulated by ZENCRACK, which is
commercial software for crack propagation analysis based on linear elastic fracture
mechanics. Fig. 2.8 shows the flow chart of crack propagation analysis. The geometries
of the FE model used in the simulation analysis are: crack length (a) as 5mm, plate
thickness (h) as 5mm, and plate width (b) as 100mm. The initial crack-front shape was a
straight line. The crack closure on the compressive side was simulated by assigning a
contact condition on crack surfaces. The friction on the contact surfaces was ignored. In
this simulation, the crack propagation was based on the Paris’ rule which made a
relationship between crack growth rate and Mode-1 SIF range.

2) Simulation results

Initial straight
crack front

Initial crack
surface

Propagating
crack front

<Crack propagation>

Fig. 2.9 Development of crack front shape

Fig. 2.9 shows the development of crack front shape. In this analysis, the stress ratio
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was 0, and the nominal stress maximum at the plate surface is 180Mpa. It seems that
although the initial crack front was given as a straight line, the crack growth rate
changes across the plate thickness in the crack propagating stage. Therefore, the
crack-front shape of the through-thickness crack is not straight line but curve across the
plate thickness.

As the next step, the SIF distribution along the initial crack front and the propagating
crack front was compared, as shown in Fig. 2.10. While the SIF is distributed linearly
along the initial straight crack front on the tensile side, the SIF distribution along the
propagating crack front behaves with non-linear variation. Besides, the maximum SIF at
the plate tensile surface for the propagating crack front is smaller than that for the initial
straight crack front. Therefore, it can be confirmed that the crack-front shape becomes a
curve under out-of-plane bending due to non-uniform SIF distribution. In the next

chapter, the crack-front shape will be investigated in detail by fatigue tests.
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Fig. 2.10 SIF distribution along crack front
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2.4 Conclusion

FEA on a through-thickness-cracked plate under out-of-plane bending was carried out.

The results were as follows,

1) The SIF distribution along the crack front under in-plane tension was nearly
uniform across the plate thickness, but SIF under bending changed due to the effect
of the stress gradient and the crack closure on the compressive side. This indicates
that the crack-front shape in the next propagation cannot maintain a straight line. In
addition, the maximum SIF under pure tension was remarkably larger than that
under pure bending. Therefore, to estimate the SIF, the effect of the load condition

should be considered.

2) The SIF distribution for 5mm of crack length nearly coincides in both the closure
and the no-closure models; however, as the crack length becomes longer, the
difference in SIF becomes larger. Therefore, to estimate the SIF of through-thickness
cracks under out-of-plane bending, the crack closure should be considered in

analytical models, especially for long through-thickness cracks.

3) From the investigation on the effect of plate thickness, it can be seen that the

maximum SIF at the tensile plate surface increases as the plate becomes thick.

4) From the crack propagation simulation, it was found that the straight initial crack
front becomes curved in the next propagation due to the non-uniform SIF
distribution in the plate thickness direction. The SIF distribution along the straight
crack front is linear at the tensile side, but the SIF distribution along the curved
crack front is not linear. Therefore, it can be confirmed that the crack-front shape
affects SIF distribution.
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CHAPTER 3

CRACK FRONT SHAPE AND STRESS INTENSITY FACTOR OF
THROUGH-THICKNESS CRACK

3.1 Introduction

Limited research has been conducted on a through-thickness crack under out-of-plane
bending. Erdogan and Roberts (1965) carried out a comparative investigation on the
crack propagation behavior of a through-thickness crack under out-of-plane bending and
proposed a simple method to calculate the SIF. Kanazawa and Machida (1974)
theoretically investigated the SIF under the combination of tension and out-of-plane
bending by assuming the equivalence of plastic zone size. In these studies, the

crack-front shape was assumed as a straight line.

According to the crack propagation analysis in Chapter 2, due to the crack closure on
compressive side, the crack-front shape can be changed in plate thickness direction
under out-of-plane bending. Therefore, in this chapter, the crack-front shape of a
through-thickness crack under out-of-plane bending was investigated by fatigue test,
moreover, the SIF along the crack front was estimated by using FE model with an actual

crack-front shape obtained by the fatigue test.

3.2 Fatigue test on cracked plate under out-of-plane bending

3.2.1 Test programs

The material properties of the hot rolled steel plate are shown in Table 3.1. The
geometric configurations of the specimen are illustrated in Fig. 3.1. Four
through-thickness notches of 8 mm in length and 0.2 mm in gap were introduced on the
specimen edges as starters of fatigue crack. The plate is 15mm thick. Strain gauges were

allocated at 35mm away from the notch tip on the both surfaces.
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Fig.3.1 Geometry configurations of specimen (Unit: mm)

Table 3.1 Material properties of steel plate for experiment

Chemical composition (%) Mechanical properties
C Si | Mn P S Ni | Y.S(N'mm?) | T.S(N/mm?) | El
0.16 | 0.26 | 1.51 | 0.022 | 0.004 | 0.01 463 571 0.15

The test was performed with a servo-hydraulic fatigue testing machine. In order to
introduce out-of-plane bending, the circular steel bars welded on end plates supported
the two ends of the specimen, as shown in Fig.3.2 and Fig.3.3, and the middle part of
the specimen was connected to the fatigue testing machine by bolts. Through the

comparison of the compressive surface stress and tensile plate surface stress, it found
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that the effect of axial force caused by the friction between the circular steel bar and

specimen was relatively small. Therefore, in this test, the influence of the friction was

ignored. A sinusoidal waveform of displacement with constant amplitude was applied to

the specimen. The loading frequency was 5.0 Hz. The nominal stress on the surface was

calculated based on the strain measured by strain gauges. The test conditions are shown

in Table 2.2. The stress ratios (R) were from -0.25 to -1.0. The amplitude of the

sinusoidal wave displacement was about 2mm, and increased by small margins as the

crack propagated. Crack length on the plate surface was monitored during the test.

Additionally, in order to observe the shape of the crack front, beach marks were

introduced by changing the load condition, as shown in Table 2.2.

Table 2.2 Test conditions

Load condition Load condition for beach mark
Stress
Bending Surface bending Bending Surface bending ratio
load(KN) stress (MPa) load(KN) surface (MPa) R)
Max Min Max Min Max | Min Max Min |
19.2 -19.2 125 -125 9.6 | -9.6 62 -62 i -1 i
30 0 0 193 | 30 | 15 -97 493 | 0
28 -21 136 -185 21 | -14 92 -137 |} -0.75 |
28 -14 92 -182 21 | -10.5 70 -136 i -0.5 i
32 8 52 206 | 24 | -6 40 -160 | -0.25 !
N
|
R=0 min/ 0 max i
(¢ 1
|
where, <R=-1> <R=0> © >< -
0 min: Minimum stress
0 max. Maximum stress <R=-0.25>
ol (¢

<R=-0.75> <R=-0.5>
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3.2.2 Fatigue test results

Fig. 3.4 shows the fracture surface for each stress ratio (R). At R=0, the fatigue crack
has a quarter-ellipse shape which is the typical crack shape of a surface crack in tension.

Excepting R=0, fatigue cracks were observed on both surfaces of the plate. However, as

a whole, the crack shapes at R=-0.25, -0.5, and -0.75 are similar to that at R=0. On the

other hand, at R=-1, the fatigue crack has a symmetrical V shape, which is a unique

crack-front shape compared with the other stress ratios.
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Additionally, it can be found that the cracks on the two sides of fracture surface are

symmetric at R=-1, however, not symmetric at R=0, -0.25, -0.5, and -0.75, which may
be related to the magnitude of the load. The maximum loads at R=0, -0.25, -0.5, and

-0.75 are obviously larger than that at R=-1 as listed in Table 2.2. It is more difficult to
control the balance of the specimen when larger load is applied, so the non-symmetric

crack on the two sides of fracture surface is generated at R=0, -0.25, -0.5, and -0.75.

Fig. 3.5 shows the relationship between crack length and number of cycles in R=-1.

The crack initiated from both surfaces of the plate where the maximum bending stress is
generated, and penetrated to the center of the plate thickness. There was no crack
propagation in the center of the plate thickness until the crack reached it. Once the crack
started to penetrate to the middle of the plate thickness, as shown in Fig. 3.5, the crack
growth curve at the center was almost parallel to that at the plate surface, which

indicates that the crack growth rate at the center and at the plate surface is nearly

identical.
60
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Fig. 3.5 Crack length vs. number of cycles (R=-1)
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3.3 SIF estimation by FEA

According to fatigue test results on the cracked plate, at R=-1, the fatigue crack has a
symmetrical V shape. This is a unique crack shape under out-of-plane bending.
Therefore, the SIF distribution along the V-shaped crack front was calculated by FEA to
identify the propagation behavior under out-of-plane bending

3.3.1 FE model

~
*~o_._7" Symmetry-Y

~

Symmetry-X >

<Specimen>

r Loading
Sroene B
<V shape crack front shape> Initial crack front

Fig. 3.6 FE model

Fig. 3.6 shows the analysis model and boundary conditions. Since both the model and
the load are symmetrical in the X and Y directions, a quarter of the specimen with a
through-thickness crack was modeled using 20-node solid elements. Uniform shear
stress was applied to the model in the Z-direction. Young’s modulus and Poisson’s ratio
are set to be 210GPa and 0.3, respectively. The minimum mesh size is 0.1 mm adjacent
to the crack front. Reduced integration technique was used to calculate the element
stiffness matrix, which has been confirmed to give good results in the case of plate
bending. In order to consider the crack closure at the compressive side, a contact

condition was assigned to two crack surfaces. The friction between two surfaces was
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ignored. As an important factor in assessing the crack propagation behavior, Mode-I SIF
was calculated by J-integral method (Owen et al., 1983; Courtin et al., 2005). From the
fatigue test results on the cracked plate, the crack front had a symmetrical V shape under

out-of-plane bending. This crack shape was applied to the analysis model.

3.3.2 SIF distribution along crack front

15 ﬁ
Compressive plate |
surface | Compressive !
. s \4 R
——SIFalong straight NS Y
10 - crack front L TQ’&SUQ ______ :
—SIF along V-shaped
2 crack front —2a )] /
S
N 1 V shape
X crack front
5 1 > 7
4 a 'Y
> /
Tensile plate Straight
surface A N “ crack front

<Fracture surface>

0 8 16 24 32
a: Crack length at plate surface

SIF(MPa-m72)

Fig. 3.7 SIF distribution along crack front under out-of-plane bending

Fig. 3.7 shows the SIF distributions along the V-shaped crack front. As a reference,
SIF distribution for the straight crack front under the same load condition and crack
length on the surface is also plotted. The SIF along the V-shaped crack front is roughly
uniform in the tensile region and decreases as it approaches the compressive side, while
the SIF along the straight crack front has almost linear distribution. Although the crack
length on the surface is same, the SIF at the plate surface of the V-shaped crack front
are smaller than that of the straight crack front. Fig. 3.8 shows the SIF distributions
along the crack front for different crack lengths. Regardless of crack length, SIFs in the
tensile region are roughly uniform, and decline drastically around the interface of the

tensile side and compressive side, and eventually become zero on the compressive side.
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Fig. 3.9 SIF range along the curved crack front at R=-1
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Fig. 3.9 SIF range along the curved crack front at R=-1(Continued)

3.3.3 SIF range under out-of-plane bending

Since the stress ratio is -1 in this test, the symmetric distribution must appear when
inversed loading is applied. As examples, the SIF range (Kmax-Kmin) for two cases of
crack length were presented in Fig. 3.9. The solid line indicates analysis results, and the
dotted line is the crack-front shape through plate thickness. This leads to the conclusion
that the SIF ranges for the different crack lengths stay approximately uniform through

the plate thickness.

As described in Chapter 1 and 2, the stress intensity factor (K) for a
through-thickness crack under tensile load is given as Eg. (1.2). In order to consider the
effect of out-of-plane bending, previous researchers (Erdogan et al, 1965, Kanazawa et
al, 1974) employed a correction factor a given in Eq. (1.3), which is the maximum SIF

at plate surface normalizing by Eq. (1.2).
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Erdogan and Roberts proposed 0.5 and Kanazawa and Machida proposed 0.45 as the
correction factor under out-of-plane bending. These proposals, however, are based on
the theoretical considerations of a straight crack front through plate thickness.
According to the results in the previous sections, the crack front under out-of-plane
bending is V shape. But the SIF range is almost constant through the plate thickness
even though the crack front is V-shaped. Therefore, this research adopted the same

concept to the existing method and applied a correction factor, shown in Eqg. (1.3).

The average of the SIF range along the V-shaped crack front under out-of-plane
bending was estimated, and the SIF ranges with crack growth were investigated to
describe the crack propagation behavior. The ratio of the SIF range for out-of-plane
bending (AKpenaing) and SIF range (AK) in tension calculated by Eq. (1.3) is
determined as a correction factor under out-of-plane bending. In this study, the crack

length a range is 15~54mm, and the half width B is 75mm.

Fig. 3.10 shows the relationship between the correction factor and normalized crack
length. The correction factor slightly decreases with the increase of crack length. The
range of correction factors is about 0.45~0.49 when normalized crack length is in the
range of 1~3.5. Because the correction factors have a small variation range with the
crack length changes, the mean value can be applied to calculate the SIF in a simple
way. The mean value of the correction factor is 0.465, which is close to the values

suggested in the previous study.
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Fig. 3.11 Relationship between crack growth rate and SIF range
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According to the SIF range calculated from FEA, the da/dN — AKpenaing

relationship was established. Fig. 3.11 shows the results. All the data falls within a
narrow band. Therefore, the crack propagation of the through-thickness crack under

out-of-plane bending can be identified successfully by the proposed method above.

3.3.4 Crack propagation prediction

In order to verify availability of the proposed correction factor, the crack propagation

was estimated using this factor based on Paris’ law.

Calculation procedures of propagation life were carried out based on Paris’ law:

da
dN = j dN = j 3.1
C(AKbendlng) a; C(AKbending)m ( )
The SIF range is simply expressed:
mwa
AKpenging = aloVma - —tanﬁ (3.2)

where Ao is the stress range at surface, and a is the crack length at plate surface.
Thus, the number of cycles for one increment is determined as follows:

N; 1 (i1 da
AN = > f (3.3)
ai

(aAoma - B)m

0

And the total life is calculated as follows:

n n
Y 34
g C(AKbendmg)] ( )

j=1 j=1

where, C is 1.6x10™ and m is 2.25.
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Fig. 3.12 plots the relationship between crack length at the plate surface, and the
number of cycles obtained by experimental and numerical estimation. The results of the

experimental and the numerical estimation agree well.
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Crack length at plate surface (mm)

— Numerical results
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Number of cycles x10000

Fig. 3.12 Crack propagation prediction and experiment results

3.3.5 Effect of Mode-I11 loading

In the sections above, the evaluation of the SIF is mainly focused on Mode-I loading.
However, considering the test loading condition, the specimen can be subjected to shear
and out-of-plane bending at the same time. Therefore, the crack mode may fall under a

mixed loading mode—Mode-I and Mode-Il1. In this section, the contribution of Mode

I11 loading to the crack propagation is investigated.

It is evident that Mode-1 loading due to out-of-plane bending plays a major role in
crack propagation, but a branch crack on the base of the main crack can propagate due
to Mode-Ill loading, as illustrated in Fig. 3.13. The Mode-Ill load can produce a twist
effect, which causes the crack surface to curve (Pook et al., 1985). Generally, the crack

surface is flat in a pure mode-l crack; however, the crack surface under mixed
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mode-1/I11 loading is typically non-planar (Liu, 2004). As in Fig. 3.14, the crack surface
is not completely flat due to the effect of Mode-I1l loading, which can influence the
crack direction, especially in the center thickness.

Branch crack

Mode-I|

'\\A \ Crack tip

Mode-I111 Main crack

Fig. 3.13 Branch crack at main tip

Crack /} Crack
surface surface

' ) |

Fig. 3.14 Lateral view of fracture surfaces

In order to ascertain the influence of Mode-I1Il loading, the Mode-Ill SIF (K;;;) was
investigated by FEA. The V-shaped crack was introduced into the analysis model, and
SIF distribution along the crack front was analyzed. Here, the Mode-1Il SIF was
calculated by displacement extrapolation method. As a reference, Ky, distribution along
the straight crack front under the same load is also plotted in Figs. 3.15 and 3.16. As
examples, the distributions for 23.1mm and 33.1mm of crack length are represented.
The SIF distribution along the straight crack front is nearly uniform, and the SIFs
around the middle of plate thickness are a little larger than the SIF around plate surfaces.
However, the SIF distribution along the V-shaped crack front is non-uniform. The SIFs
increase as the crack propagates from the two surfaces into the middle of plate thickness.
Moreover, the SIFs increase slightly near plate surfaces, and increase drastically near
the plate center. An important point to note is that Ky, values for the V-shaped crack

front are smaller than those for the straight crack front near the plate surfaces, but the
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reverse happens in the plate center.
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Fig. 3.15 Mode-Il1 SIF for crack length at plate surface equal to 23.1mm
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Fig. 3.16 Mode-Il1 SIF for crack length at plate surface equal to 33.1mm

Ky along the V-shaped crack front with different crack lengths are given in Fig. 3.17.

Although the SIFs adjacent to the compressive surface of the plate are a little larger than
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that near tensile surface of plate, the SIF distribution along crack front is nearly
symmetric to that in the middle of plate. Mode-111 SIFs along the V-shaped crack front
increase as the crack propagates from the two plate surfaces to the middle of plate
thickness. The SIF near the middle of plate is larger than that near the two plate

surfaces.

Based on the strain energy density theory (Shi, 1974), the combined SIF of Mode

I/111 can be expressed:

1
Keom = \/KIZ + mKIZII (3.5)

where, u is Poisson’s ratio, K., is combined SIF of Mode I/1l1, K, is Mode-I SIF,
and Kin is Mode-I111 SIF.
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Fig. 3.17 Mode-Il1 SIF along V shape crack front with different crack lengths
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Fig. 3.18 A comparison between combined SIF of Mode-I/I11 and pure Mode-I

Fig. 3.18 describes the comparison between the combined SIF of Mode I/111 and the
pure Mode-I SIF with different crack lengths at the plate surface. The vertical axis refers
to that the difference between combined SIF of Mode-I/lll and Mode-l1 SIF. The
combined SIF of Mode-I/111 appears to be basically equal to the Mode-I SIF near the
plate surface, which indicates that the Mode-Ill loading has only a small influence on
crack growth. There are some small differences between the mixed Mode-I/111 SIF and
the pure Mode-l SIF at the plate center. However, the effect of the Mode-I11 load on
crack growth at the plate center is relatively small. Therefore, it is concluded that the
crack propagation depends mainly on Mode-l loading in this test, and that the

contribution of Mode-I11 loading to crack propagation is negligible.

3.4 Conclusions

Experimental studies and numerical analysis on fatigue crack propagation of a
through-thickness crack subjected to out-of-plane bending were performed. The main

conclusions can be drawn as follows:

1) In R=-1, the fatigue crack has a symmetrical VV shape, which is a unique
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crack-front shape compared to the other stress ratios. Regardless of the crack
length, SIFs in the tensile region are roughly uniform, decline drastically around
the interface of the tensile side and compressive side, and eventually become zero
in the compressive side. SIFs along the V-shaped crack front are roughly uniform

at the tensile side, and the SIF range along the crack front is nearly uniform.

2) Based on the test results, a correction factor was proposed to express the SIF for a
through-thickness crack under out-of-plane bending. Because the correction factors
have a small range of variation across changing crack length, the mean value can
be applied to calculate the SIF in a simple way. The mean value of the correction

factor is 0.465, which is close to the values suggested in previous studies.

3) Mode-Ill SIFs along the V-shaped crack front increase as the crack propagates
from the plate surface to the middle of plate thickness. The SIF near the plate
center is much larger than that near the two plate surfaces. Through the comparison
between the Mode-1 SIF and combined Mode-I/111 SIF, the effect from Mode-III

loading on crack propagation is negligible in this test.
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CHAPTER 4

PROPAGATION BEHAVIOR OF THROUGH-THICKNESS CRACK
AT RIB-TO-DECK WELDED JOINTS

4.1 Introduction

Many types of fatigue cracks have been found in orthotropic steel deck plates (JSSC,
1995; JRA, 2002; Miki et al., 2006; Mori et al., 2006; Ya et al., 2011). Among them, the
through-thickness crack at a rib-to-deck joint shown in Fig. 4.1 is generated by
out-of-plane bending of the deck plate and the trough rib. This fatigue crack initiated at
the weld root between the rib and the deck plate, penetrated along the weld bead, and
then suddenly changed the direction to the trough rib.

In chapter 3, an analysis model was established to identify the SIF distribution of the
through-thickness crack under out-of-plane bending. In this chapter, by using this
analysis model, the direction change of the through-thickness crack in an orthotropic

steel deck was examined by the SIF.

Deck plate

.- - Deck plate

Trough rib Crack

Nan

Trough rib

Fig. 4.1 Through-thickness crack at rib-to-deck welded joint
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By using FEA, the SIF of the through-thickness crack was estimated by the
displacement extrapolation method. Then, based on the maximum energy release rate
criterion, the equivalent stress intensity factor and the crack direction were evaluated.
Finally, the crack growth mechanism and the cause of the crack at the rib-to-deck

welded joint changing its direction into the trough rib are both discussed.

4.2 Analysis model

4.2.1 FE model

Y X Transverse
direction

2560

Deck plate 3000
boundary

i Deck plate
% boundary

-3,
L5
.....
"
o5

=

Target joint

Fig. 4.2 FE model

In order to calculate the SIF of the through-thickness crack at the rib-to-deck joint, a
finite element model of an orthodtropic deck was created with 8-node solid elements, as

shown in Fig. 4.2. The minimum element size near the crack front was 0.2x0.2x0.2mm.
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Young’s modulus (E) and Poisson’s ratio(v) were set to be 210 GPa and 0.3, respectively.
The interval of floor beams was 3,000mm, and the interval of longitudinal ribs was
640mm. Thickness of the deck plate was 12mm, and the thickness of the trough rib was
6mm. Weld penetration of the fillet weld between the deck plate and the rib was 75% of

the trough rib thickness.

A through-thickness crack was simulated by introducing a gap at the weld bead. In
order to consider the crack closure, contact condition was assigned on the crack surfaces.
In the crack front, additional refinement was provided. Crack length and load position
are shown in Fig. 4.3. The crack length was set in the range of 50mm t0o1000mm in the
longitudinal direction. The flanges of the floor beams were fully constrained. Along the
two-deck plate boundaries shown in Fig. 4.2, the Y-direction and X-rotation were
constrained. Since the crack in this model is located at the center of plate, the boundary

condition will not generate significant errors to stresses near crack front.

4.2.2 Load case

Wheel

N

L

Longitudinal direction

Fig. 4.3 Crack length (L) and load position(X)

In this study, a vertical load of 12kN was applied to an area of 200x200mm as the
contact area for a single wheel. In addition, the load distribution due to the pavement
was also considered, as shown in Fig. 4.4 and Fig. 4.5 (b). Assuming solid pavement of
70mm in thickness and a load distribution angle of 45°, the loading area was set to be
340x340mm for a single wheel, and 340x640mm for double wheels (Xiao et al, 2008).

The load is uniformly distributed in the model. Since the contact elements were
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provided on the crack surface, the load magnitude can affect the analysis result.
However, through a preliminary analysis, it was confirmed that stresses and strains near

crack front were almost proportioned to the applied load level.

:.r vvvvvvvvvvv Wheel
oY
AR MR
A bt 45°C
] et | 70
A\
\
Pavement
Unit: mm

Fig. 4.4 Load distribution due to pavement

a) No load distribution b) Load distribution

Fig. 4.5 Applied loads Unit: mm

Near the introduced crack, six load cases were applied in the transverse direction
(Z-direction in Fig. 4.1). For the case without load distribution, three different
transverse loading positions (P1, P2 and P3) shown in Fig. 4.6 were investigated. For
the case with load distribution, three positions (P4, P5 and P6) were investigated. In the
longitudinal direction (X-direction in Fig. 4.1), loading positions listed in Tabel 4.1

were employed.
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\._ b) Load distribution

Fig. 4.6 Load case in transverse direction

Table 4.1 Crack lengths and load postions in longidutinal direction

Crack 50 100 200 300 500 700 1000
length B | # | X | # X | # X[ # X # x| # | x
0|0 |o0|O0O|]O0O|O|O|O|]O|O|O|O] OO

Load 50 100 | 50 | 75 | 50 | 75 | 50 | 75 | 75 | 75 | 10 | 10 | 200 | 200
position  [7700 [150 | 10 | 12 | 10 | 12 | 10 | 17 | 15 | 15 | 20 | 17 | 400 | 325
in 125 (175 | 15 | 17 | 15 | 17 | 15 | 27 | 22 | 22 | 30 | 27 | 500 | 475
X-direction | 150 | 200 22 |20 | 22 | 20 | 32 | 30 | 32 | 40 | 37 | 600 | 575
(mm) 25 | 27 | 25 35 | 42 | 45 | 47 | 650 | 675

40 | 47 | 50 | 52

Note: # No load distribution, »¢ Load distribution.

4.2.3 Criterion of crack propagation

The SIF is a parameter that greatly influences the fatigue crack growth. Since the

stress field around the crack front has multi-axiality, the mixed deformation mode of

Mode I, 1l and 111 should be considered. There are several proposals on the crack criteria

for crack growth under the mixed-mode condition. Typical crack criteria are the

maximum circumferential stress (MCS) criterion (Erdogan and Sih, 1963), the
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minimum strain energy density (MSED) criterion (Sih, 1974) and the maximum energy
release rate (MERR) criterion (Hussain et al., 1974; Palaniswamy et al., 1978). The
MCS criterion can only predict the crack direction for mixed Mode-I and-Il. The MSED
criterion is also not applicable to three-mode mixed cases, because the Mode-111 SIF
was considered to have no influece on the crack direction. On the other hand, the
MERR criterion has a reasonable basis of energy balance, and is more suitable to apply
to three mixed modes. The MERR criterion was proposed by Chang et al. (2006) and
validated by comparison with the test results on aluminium alloy specimens under
various mixed mode loading conditions. Therefore, the MERR criterion was chosen in

this study.

Fig. 4.7 Coordinates near crack front

To establish the fracture criterion based on the MERR concept, the expression of
energy release rate must be given. Fig. 4.7 shows the coordinates near the crack front.

The energy release rate in direction @ is given as Equation (4.1)

1 0 (k+1
G(O) = ﬂcos2 > { 3 [KZ(1 + cos 0) — 4K;K;; sin® + K (5 — 3 cos )]
+ K,Z,,} (4.1)

where, G is energy release rate; x = 3 — 4v for plane strain, =(3-v)/(1+v) for plane

stress; Ki is SIF of Mode i (i=1,11,111); w is shear modulus; and v is Poisson’s ratio.

The crack criterion was established as the following equation.
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266) (aZG(Q) < 0> (4.2)
0=0¢

00 g9, \ 062
where, 6 is the angle corresponding to the maximum of energy release rate.

By substituting Eq. (4.1) into Eq. (4.2), crack criterion was determined as Eq. (4.3).

et O . 3 36y 36, _ 6
3 [K12 (sm? + sin T) + 4K,K,,cosT — KA (3SLTLT - SSLTL?)]

2 o 6)f
+ KI”SLTL? = 0 (4‘3)

In linear elastic fracture mechanics, SIF is most frequenly used to eastimate crack
propagation. Therefore, the maximum of the equivalent SIF corresponding to the

maximum of energy release rate was expressed as Eq. (4.4):

4 O (k+1
2 f{ [KZ(1+ cos6;) — 4K,K; sin 6 + K3(5 — 3 cos ;)]

Kequi = G375 217

+ KIZII}) /2 (4.4)

4.3 Estimation of SIF

4.3.1 Extrapolation of SIF

In this study, a displacement extrapolation method (Chan, 1970; Shih, 1976), which is
a generally used and relatively accurate method, was employed to calculate the SIFs.
The SIF can be estimated by the displacement in the vicinity of the crack. It can be

expressed as:

(E6)

4B
K, ) 2m | ES,
KII = llm — > (4’5)
KI” -0 | T 4B

K

\ 2 J

48



where, K, Ky, Ky are the SIFs for Mode I, Il and Ill, respectively; &y,6,,6, are
relative displacements in x,y,z direction; E is elastic modulus; pis shear modulus; r is

distance from the crack tip; and B = 1 —v? for plane strain, =1 for plane stress.

S5 7 5 1
4 4%
g =
] g 1
zB_/‘va./V’/’/ 73:
& T < e
2 I
v 2] = 21
X
1 4 1
0 T T T ™ 0 T T T |
0 1 2 3 4 0 1 2 3
r (mm) r (mm)
a) Ki b) Kii
5 -
4

K,;; (MPa-\m)

2_
1 1
0-llll|llll|llll|llll|
0 1 2 3 4
r (mm)
c) K

Fig. 4.8 Extrapolation example of the SIF (50mm crack length under P1)

Based on the relative displacements obtained from FEA, the SIF at r=0 can be
extrapolated. Fig. 4.8 shows examples of SIF distribution for Mode-I, Il and Ill. This
study estimated the SIF at the crack front based on the SIF distribution across a 3mm
range from the crack front, because the FEA results near the crack front are sensitive to

element size. For the different crack lengths and load cases, the same method was
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employed to calculate SIF. Based on the numerical results of the SIFs of the three
modes, the equivalent SIF was evaluated by Eq. (4.4).

4.3.2 Cracking mode

Fig. 4.9 shows an example of Keqi along the crack front for the crack length of
700mm when P4 loading is applied at the mid-span (X=0 in Fig. 4.3). Keqi at the weld
surface and weld root produce higher values than that at the inner part of the weld bead.

120 ~
—~ 90 ]
£ . -—+- SIF
£ 1N
2 60 T \\

g ] BRh b EEE -~
X 30 ]
0 ] <Definition of Y and t along

crack front>

Fig. 4.9 Kequi Variation along crack front
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Fig. 4.10 SIFs at the weld root for three crack modes
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Fig. 4.10 SIFs at the weld root for three crack modes(Continued)
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P4

Deck plate

Trough rib

Fig. 4.11 Deformation around crack center under P4

The fatigue crack at the rib-to-deck joint is caused mainly by out-of-plane bending of
the deck plate. However, when the crack grows to a certain length, the stress field near
the crack front may become complicated due to the complexity of the structure and load
condition. Fig. 4.10 shows the SIFs at the weld root (As shown in Fig. 4.9) when the
load was applied at the position of X=0mm. When the crack length is 50mm, K; is
relatively large in the load cases of P1 and P6. In the case of P1, K| is still not zero for
the crack length of 200mm. On the other hand, when the crack length is more than
200mm, K, becomes nearly zero regardless of load cases. Similarly, K, at the weld
surface of the crack front is nearly zero regardless of the load case when the crack
reaches to 200mm in length. Deformation near the crack is shown in Fig. 4.11. The
crack is close because the rib-to-deck weld joint is subjected to compressive load, so

that K, becomes nearly zero when the crack length is over 200mm.
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4.4 Equivalent SIF at crack tip

4.4.1 Effect of crack length
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a) At weld root under P1
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Fig. 4.12 Equivalent SIF for P1 and P4 at weld surface and weld root
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d) At weld surface under P4
Fig. 4.12 Equivalent SIF for P1 and P4 at weld surface and weld root(Continued)

Fig. 4.12 shows examples of the relationships between the equivalent SIF (Kequi) and
the longitudinal loading position (X). The Keqi changes with the longitudinal load

positions (X-direction in Fig. 4.1). The Keqi at the weld surface and the weld root
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increases with the increase in crack length until the crack length reaches 700mm, while
it becomes smaller with a crack of 2000mm in length. Under the other load cases, the
same phenomenon occurs. The maximum Keqi at the weld surface appears to be larger
than that at the weld root under the same load condition when the crack length is more

than 50mm. The same trend also appears for the other load positions.

4.4.2 Effect of load position in transverse direction

Since the double wheels created larger equivalent SIF, only the results for the double
wheels load are discussed. In order to investigate the effect of transverse loading
position on the SIF, the results for the three load cases (P4, P5 and P6 shown in Fig. 4.6)
are compared in Fig. 4.13. The Keqi under P4 is larger than under other loads regardless
of the crack length. Therefore, the load location P4 is the most severe load position in
the transverse direction. However, the difference of equivalent SIF between P4, P5 and
P6 is relatively small. The deformation around the crack center for P4, P5 and P6 (at
X=0mm) are shown in Fig. 4.14. The similarity of the deformation between them is very

high, which results in relatively small differences in equivalent SIF.
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Fig. 4.13 Equivalent SIF for P4, P5 and P6 at weld root
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Fig. 4.13 Equivalent SIF for P4, P5 and P6 at weld root (Continued)

Fig. 4.14 Deformation around crack center for P4, P5 and P6 (stress contour)
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4.4.3 Effect of load distribution

In order to investigate the influence of the pavement on the Keqi, the results for P3
(no load distribution) and P4 (load distribution) were compared. As examples, the Kequi
at the weld surface for the cracks of 100, 300 and 500mm are given in Fig. 4.15. The
maximum Kequi under P3 is apparently larger than that for P4. At the weld root, the same
Kequi pattern was also observed under P3 and P4. Therefore, it can be concluded that

load distribution due to pavement can slow down crack propagation.
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Fig. 4.15 Equivalent SIF for P3 and P4 at weld surface

57



4.5 Prediction of crack direction

Based on Eq. (4.3), the angle 6y corresponding to the maximum equivalent stress
was calculated. This study assumed took the angle as the direction of crack propagation
in the next propagation, called ‘crack angle’ hereafter. The definition of the crack angle
is illustrated in Fig. 4.16. The plus crack angle indicates that crack propagates into
trough rib, and the minus crack angle indicates that crack propagates into deck plate.
Since the Keqi for P3 is the maximum result, P3 is the most severe load case in
transverse direction. Therefore, the crack direction under P3 is focused on in the

discussion.

Deck plate Minus (-)
v Crack angle

A 1

Plus (+)
Crack angle
Trough rib

Fig. 4.16 Direction of crack propagation

At weld surface/ At weld root
Longitudinal - _““—“? ________ .
direction Upper side |1 || Upper side Lcc)jri]rg(;gtjidolgal

/

Lower side

Lower side

Fig. 4.17 Deformation at two ends of crack tip
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The Mode-Il deformation has an important effect on the crack angle. Fig. 4.17 shows
the deformation at the weld surface and the weld root. The main deformation modes are
Mode-I1 and-111. The directions of the Mode 11 deformation at the weld surface and the
weld root are reversed. The upper side of the crack is in compression and the lower side
is in tension at the weld surface, while at the weld root, the opposite stress pattern can
be seen. This is due to the deformation of the rib and the deck plate around the fatigue
crack, shown in Fig. 4.18. The out-of-plane bending of the rib wall occurring around the
cracked area causes the compression on the inner side of the rib wall and the tension on

the outer side.

Deck plate

Crack

Fig. 4.18 Deformation around fatigue crack
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Fig. 4.19 shows the SIFs (Kequi, Ki, Kii, Kin) and the crack angle. As a whole, Ky, is
smaller than Ky, at the weld root, and K, is larger than Ky, at the weld surface. It leads
to the difference of the crack angle between at the weld surface and at the weld root.
Focusing the crack angle, it can be seen that the angles at the weld surface are positive
in most cases, which is a possible reason why the crack changes its propagation
direction into the rib wall. On the other hand, the angles at the weld root are almost zero

or negative. It means that the crack may propagate into the deck plate.

As shown in Fig. 4.19, the stress intensity factor and the crack angle are strongly
influenced by the longitudinal loading positions. At the weld root, the crack angle
corresponding to the maximum Kequi is nearly zero when the crack length is less than
700mm, which means that the crack may not change its propagation direction before the
crack length reaches 700mm. However when crack length is 700mm, the crack angle
corresponding to the maximum Kequi i Not zero, and the crack could propagate into the

deck plate.

At the weld surface, the crack angle is always positive, indicating that the crack is
able to change direction at any length. However, crack direction changes just when a
crack reaches a considerable length in an actual bridge. Therefore, it does not help to

explain actual crack propagation patterns. Further investigation will be needed to reveal
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the details of the mechanicsm.

4.6 Conclusion

The reason why a crack at the rib-to-deck welded joint changes its direction into the

trough rib was discussed in this chapter. The main conclusions can be drawn as follows:

1) The direction change into the trough rib is related to the Mode-Il and Mode-I11

deformation near the crack tip.

2) In all the load positions investigated in this analysis, the Kequi at the weld surface
and the weld root do not always increase with the increase in crack length. When
the crack length reaches a certain length, the increase in Kequ Will stop. Additionally,
it was also observed that the maximum Keqgi at the weld surface is larger than that at

the weld root under the same load condition when the crack length is very short.

3) The possible patterns of crack propagation direction at the weld surface and the
weld root are different. At the weld surface, the crack is able to change its direction
into the trough rib wall. At the weld root, the crack is able to change direction into
the deck plate. Moreover, at the weld root, until the crack length reaches a
considerable length, the crack angle corresponding to the maximum equivalent SIF

is still zero, indicating that the crack may not change its direction.
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CHAPTER 5

SUMMARIES AND CONCLUSIONS

Some long through-thickness cracks caused by repeated out-of-plane bending stress
have been observed in steel bridges. However, it is difficult to apply the concept of
fatigue limit state to all fatigue damages in existing steel bridges because they already
amount to a huge number. Therefore, to identify how a fatigue crack propagates until
the occurrence of brittle fracture, it is necessary to simulate the propagation behavior of
relatively long fatigue cracks of at most X mm, in some cases more than 1m. This study
made efforts to identify the propagation behavior of long through-thickness fatigue

cracks under out-of-plane bending. The summary of the research is as follows.

5.1 Conclusion

Chapter 2 examined the SIF distribution along the crack front of a through-thickness
crack under out-of-plane bending by using a 3-D finite element analysis. While the SIF
distribution along the crack front under tension was nearly uniform across the plate
thickness, the SIF under out-of-plane bending was changed across the plate thickness
direction due to the effect of the stress gradient and the crack closure on compressive
side. This indicates that although the initial crack front is a straight line in the plate
thickness direction, the crack-front shape in the next propagation cannot maintain a
straight line. In addition, the maximum SIF under pure tension was remarkably larger

than that under pure bending.

From the parametric analysis on the cracked plate, it became clear that as the
through-thickness crack becomes longer, the influence of the crack closure on the SIF
distribution becomes larger. Therefore, to estimate the SIF of through-thickness cracks
under out-of-plane bending, the crack closure should be considered in analytical models,
especially for long through-thickness cracks. In addition, the plate thickness and the
crack length both affect the SIF distribution and the maximum SIF at the tensile plate

surface. Although some researchers examined the SIF of through-thickness cracks, the
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applied plate thickness was limited to thin plates (less than 5mm), and the crack length
was relatively short. Therefore, further studies should be performed for fatigue
assessment on long through-thickness cracks observed in steel bridges.

In Chapter 3, the propagation behavior of a through-thickness crack under
out-of-plane bending was examined by fatigue test. When the stress ratio R is zero, the
fatigue crack had a quarter-ellipse shape, which is the typical crack shape of a surface
crack. Fatigue cracks were observed on both surfaces of the plate except at R=0. In
addition, taken as a whole, the crack shapes at R=-0.25, -0.5, and -0.75 were similar to
that at R=0. However, in R=-1, the fatigue crack had a symmetrical V shape, which is a
unique crack-front shape compared to the other stress ratios. Therefore, FEA was
performed on a through-thickness crack with the V-shape crack front. Regardless of the
crack length, at R=-1, the SIFs in the tensile region were roughly uniform, declined
drastically around the interface of the tensile side and the compressive side, and
eventually become zero at the compressive side. Since the SIF range along the crack
front was nearly uniform, a correction factor was introduced to express the SIF for a
through-thickness crack due to out-of-plane bending. Moreover, through the comparison
between the Mode-I SIF and combined Mode-I/111 SIF, it was found that the effects

from Mode-I11 loading on crack propagation was negligible in this test.

In Chapter 4, a numerical analysis was carried out to investigate why the crack at the
rib-to-deck welded joint suddenly changed its propagation direction into the rib wall. By
using FEA, the SIF of the through-thickness crack was estimated by the displacement
extrapolation method. The propagation direction of the fatigue crack was predicted by
the maximum energy release rate criterion. Based on the analysis results, the crack
growth mechanism and the reason why the crack changes its direction were discussed.
The crack direction change originated from the Mode-11 and Mode-I11 deformation near
the crack front. In addition, it was found that the crack propagation direction change can
occur at both the weld surface and the weld root. At the weld surface, the crack may
change its propagation direction into the trough rib wall. At the weld root, the crack
may vary its propagation direction into the deck plate. Moreover, at the weld root, the

crack angle corresponding to the maximum equivalent SIF is almost zero until the crack
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reaches a considerable length, which indicates that the crack may not change its
propagation direction.

5.2 Recommendation for future research

The following recommendations for further study are suggested as follows:

1) In chapter 3, the thickness of the specimen is 15mm, so the proposed correction
factor for calculating SIF of through-thickness cracks under out-of-plane bending needs
to be verified for different plate thicknesses.

2) In chapter 4, the cause of the crack direction change at the rib-to-deck welded joint
in an orthotropic steel bridge deck was investigated by numerical studies. However, it is
necessary to verify the analysis results and to identify the mechanicsm in detail through

a comparison study with experimentation.
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ABSTRACT

In the high cycle fatigue problem, the fatigue life is generally considered as the
numbers until the occurrence of fatigue crack of about dozens of millimeters. It means
that small surface crack is considered as the fatigue limit state of steel members. This
concept would be appropriate to the fatigue design for newly constructed steel structures.
However, it is difficult to apply the concept of fatigue limit state to all of fatigue
damages in existing steel brides because the numbers of fatigue damages have already
amounted to a huge number, while the budget and the manpower decease gradually. On
the other hand, among fatigue cracks, some cracks exist at secondary members, or the
crack propagation is under retention state. The risk of fatigue damage is different
according to the stress condition of steel member. Therefore, for the reasonable
maintenance, it is essential to determine a countermeasure for each fatigue damages
based on the understanding of the damage mechanism. Actually, some long
through-thickness fatigue cracks have been observed in orthotropic steel decks, which
are originated by repeated out-of-plane bending. But, the existing concept of fatigue
limit cannot be applied to the fatigue assessment of the long through-thickness fatigue
crack. Therefore, this study made efforts to clarify the crack propagation behavior of

through-thickness fatigue crack under out-of-plane bending.

Stress intensity factor (SIF) is an essential parameter to identify the crack propagation
behavior. The out-of-plane bending condition brings some complexities to estimate the
SIF due to gradient stress and crack closure on the compressive side. Although some
studies have been performed to estimate the SIF of through-thickness fatigue crack
under out-of-plane bending, there are still some important issues to be clarified further.
Therefore, this study carried out a 3-D FEA on cracked plate under out-of-plane
bending considering the crack closure on compressive side, and the SIF distribution of
through-thickness fatigue crack was investigated. As parameters of analysis model, the
crack length and the plate thickness were employed in this analysis. The analysis results

revealed that the SIF at crack front of through-thickness crack varied in plate thickness



direction under out-of-plane bending, and the SIF distribution along crack front was
influenced by the crack length and the crack thickness.

In practical fatigue assessment, it is difficult to perform a numerical analysis
corresponding to a steel member. Therefore, some researchers have proposed a simple
estimating equation of SIF of through-thickness fatigue crack subjected to out-of-plane
bending by assuming the crack front shape as a straight line. However, since the SIF
distribution along the crack front varies in plate thickness direction under out-of-plane
bending, the crack front may not be a straight line. In this study, as the next step, the
crack front shape of through-thickness crack was investigated by fatigue tests on
cracked plates. From the fatigue tests, the through-thickness crack had a V-shape crack
front under out-of-plane bending, of which the stress ratio was -1. Moreover, based on
the experiment result, the SIF along the V-shape crack front was examined in detail by

numerical studies.

Finally, because the through-thickness fatigue crack at the welded joint between deck
plate and trough rib has been reported, the propagation behavior of through-thickness
fatigue crack detected in orthotropic steel deck was investigated by analytical study.
The fatigue crack originated by out-of-plane bending sometimes suddenly changes its
propagation direction into trough rib. By using FEA, the SIF of the through-thickness
crack was estimated by the displacement extrapolation method, and the propagation
direction of the fatigue crack was predicted by the maximum energy release rate
criterion. Based on the analysis results, the crack growth mechanism and the reason why

the crack changes its propagation direction were discussed.
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