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CHAPTER |
INTRODUCTION

1.1 Motivation and significance

Steel bridges are generally used in many applications, such as crossing the river,
intersection, etc. Due to confrontation with a number of cycles of live load whose
stress amplitudes are lower than yield stress, many fatigue cracks can occur in any
positions of steel bridges, especially concentrated stress areas, and incomplete areas,
which are welded or modified. The metropolis or the city that has high density of
population is likely to have high cycle of live load. Thus, the rate of fatigue crack
occurrence is increasing. There are many factors which cause fatigue crack to occur,
such as magnitudes, irregularities of force, geometries of steel structure, discontinuities
of materials, exposures to environment, and temperature changes. When fatigue crack
occurs, it is quite difficult to control the direction of fatigue crack propagation. The
fatisue cracks always grow in the critical direction and can damage the structure.
Moreover, the prediction of fatigue crack propagation will protect the steel structures
and know the approximate service life of a steel structure [1, 2].

In the design steps of steel beams, especially extra-long steel beams, many
problems usually occur, especially insufficient shear capacity. Transverse stiffeners are
used to solve these problems. In addition, in the fabrication procedure of transverse
stiffeners on the steel beams was recommended to preserve the gap between bottom
end of the transverse stiffeners and the tension flange called “web gap” in purpose
of the convenience for welding the transverse stiffeners on web. The welding and the
gap are the reasons that cause the damages of the steel beams from fatigue crack.

The design guides of AASHTO (2012) [3] recommended the use of four to six
times as thick as web thickness for the strength of steel beams [4] but did not consider
the effects of fatigue crack to the life span of the steel beams and might finally cause
the fracture of the bridge. Moreover, the connection of two materials can cause the
non-homogeneous area in the objects called “defects”. The sizes of defects depend

on the quality of welding which also influence the life of the steel structures.



In addition, the transverse stiffeners must have sufficient rigidity to keep the
cross section of steel beam in shape in order to ensure the nodal line formation during
web buckling and develop the shear-buckling resistance. The web panel boundary was
assumed not to deflect laterally perpendicular to the plane of web when steel beam
was subject to external loads [5]. So, all transvers stiffeners were required to have
proper rigidity in that direction whereas the effects of fatigue crack were not taken into
consideration. Consequently, the fatigue crack may be the cause to fracture the steel

structures as shown in Figure 1.1.

Figure 1.1 Fatigue crack propagation of steel I-beams with welded transverse stiffeners [6, 7]

Many studies have investigated the behavior of steel structures when the
fatigue crack occurs. Fisher (1974) described the behavior of fatigue crack growth
occurring at the welded toe of steel I-beam with welded transverse stiffeners. The
fatigue crack can initiate at any locations and propagate in various patterns depending
on the welding of the stiffeners to either only the web or welding of the web and the

flanges.

Newman and Raju (1984) studied the fatigue crack growth patterns and
predicted the lives of steel plates for three crack configurations. The first case was
surface crack in steel plates subjected to remote tension and bending. The second
and third steel plates subjected to remote tension loading were surface crack and
corner crack at a circular hole respectively. Also, Zong, Shi, and Wang (2015) performed
numerical simulation of fatigue crack propagation and predicted the life of steel plates

using FRANC3D. In order to measure the faticue growth rate parameter, numerical



simulation for fatigue crack propagation of CT specimens were used in these tests. Two
material types used in test were base metal and butt weld joint. Moreover, Kotsikos
and Grasso (2012) also used FRANC3D in simulation of fatigue crack in rail and

investigated the fatigue crack behavior at the foot region of a rail.

Although many researches have investigated the fatigue crack behavior, more
studies are needed to extend more complex patterns of steel structure in order to

apply in many cases.

The purposes of this study are to numerically simulate the 3D in-plane fatigue
crack propagation in steel I-girders with welded transverse stiffeners and to predict the
fatigue life of steel beams with different initial crack sizes and girder geometries, such

as web gap sizes, and transverse stiffener dimensions.

Because of many procedures and complex calculations of fatigue crack
propagation, FRAND3D, which is one of commercial engineering software, was used to
perform using the finite element analysis. The abilities of this software are the insertion
of the initial crack configurations, static crack analysis for calculation of stress intensity
factor K, crack growth analysis for computation and interpretation the fatigue crack
extension with any criteria along the crack growth direction, etc. Many problems can
be solved conveniently and shown in 3 dimensions. However, other software have to
be used concurrently to draw solid work, define supports and loadings, and be the
solver for FRANC3D. In this research selects ANSYS to work with. Furthermore, FRANC3D
has the great option to remesh automatically, especially the critical point. The

accuracy increases from this performance of the software.
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Figure 1.2 Phases of fatigue crack growth in steel I-beams with welded transverse stiffeners

Fatigue cracks usually initiate at the weld toe in the area of bottom end of
transverse stiffener on the web surface and grow across the web thickness as a
semicircular shape as shown in Figure 1.2. Afterward, the fatigue crack transforms the
shape into two-tip through-thickness shape with both fronts growing up and down the
web [6]. In this study, this behavior can be separated to be two phases. Phase | starts
from fatigue crack initiation, semicircular shape, and propagates until penetrating
through the web plate. Then, fatigue crack transforms the shape to be two-tip through-
thickness shape which Phase Il starts and propagates until reaching the fracture

toughness as shown in Figure 1.3.
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Figure 1.3 Initial crack configurations of (a) phase | (b) phase |l



The steel I-girders with welded transverse stiffeners are mainly used in
construction of steel bridge and other steel structures. Accordingly, predictions of
fatigue crack propagation life are very useful to maintain serviceability of steel

structures.

1.2 Research objectives

1. To numerically simulate the 3D in-plane fatigue crack propagation in steel

l-girders with welded transverse stiffeners.

2. To predict the fatigue life of steel beams with different initial crack sizes and

girder geometries, such as web gap sizes, and transverse stiffener dimensions.

1.3 Scope of research
The research was limited in scope as follows:
1. Type of live load is cyclic loading which has constant magnitude.

2. The simulation of fatisue crack propagation is based on the linear-elastic

fracture mechanics.

3. Fatigue crack occurs from influence of in-plane stress, therefore the

distortion-induced fatigue is not considered in this research.

4. Residual stresses which arise from the welding are not considered in the

simulations.

5. Environmental effects, e.g., temperature change, humidity, and corrosion are

not considered to affect to fatigue crack propagation.

6. Numerical simulation is performed using the finite element analysis.



CHAPTER Il
LITERATURE REVIEW

2.1 Fatigue crack propagation in steel structures

Fatigue is one of the main factors that cause the collapse of steel bridges. Since
the steel bridges are subjected to a number of cycles of live load which has stress
amplitudes lower than yield stress, fatigue crack initiation occurs in any area, especially
joint in steel bridge and welding area. Life of the steel bridges and serviceability are
significantly reduced. Consequently, the durability of steel bridges will be more

effective if influence of fatigue crack is taken into consideration.

The important parameter to estimate service life of steel bridge is stress
intensity factor (K). Newman and Raju (1979) [8] studied the stress intensity factor of
steel plate with surface crack under tension or bending. A 3D finite-element stress

analysis was used to compute mode-I stress intensity factor along the crack front.

Fatigue crack can grow in any directions depending on situations. Newman and
Raju (1984) proposed fatigue crack propagation patterns and lives for surface crack,
surface crack at holes, and corner cracks at holes of steel plates in three-dimensional
crack bodies. Modified linear-elastic fracture mechanics concepts were used to predict
these problems. Remote tension and bending were assigned to the first specimen,
surface crack in a steel plate. Only remote tension was assigned to the specimens
having surface crack and corner crack at circular hole respectively. Cyclic loads with
constant amplitude were assigned with range of stress ratio (R) from -0.5 to 0.75. In the
prediction of crack propagation used the equations of SIF improved by Newman and

Raju (1979). [9]

Since the crack shapes were assumed to be either semi-elliptical or quarter-
elliptical patterns, specimens needed to consider only the ranges of SIF at the

maximum depth point and the tip of the crack at the surface.

Newman and Raju (1984) predicted the patterns and lives of fatigue crack

growth in three specimens and compared with test data which was taken from their



literature. The first case was the plate having initial crack at surface subjected to
remote tension loading and bending moment as shown in Figure 2.1. Figure 2.2 shows
that the ratio of crack shape in width to length direction (a/c) decreased throughout
the increasing of crack growth a/t for the case of plate was subjected to remote tension
loading. In case of remote bending moment in Figure 2.3, the ratio of crack a/c
increased in the beginning then went down when a/t was higher than 0.4. Moreover,
Figure 2.4 shows that the obtained crack length from prediction depending on load

cycles agree well with experiment.
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Figure 2.1 Surface crack in a steel plate [10].
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Figure 2.2 Prediction of fatigue patterns for a surface crack under remote tension compared to
experiments [10].
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Figure 2.3 Prediction of fatigue patterns for a surface crack under remote bending compared to
experiments. [10].
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Figure 2.4 Prediction of fatigue life for the surface crack under remote tension compared to
experiments [10].

The second case was the plate having initial surface crack at center of a circular
hole under tension as shown in Figure 2.5. The results in Figure 2.6 show that the ratio
of crack shape in width to length direction a/c decreased dramatically in the beginning
and then slightly rose after a/t reached to 0.3. Crack length obtained from prediction

depending on load cycles also agreed well with experiment as shown in Figure 2.7.
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Figure 2.5 Surface crack at center of circular hole [10].
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Figure 2.6 Prediction of fatigue patterns for a surface crack at a hole under remote tension
compared to experiments [10].
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Figure 2.7 Prediction of fatigue life for a surface crack at a hole under remote tension compared
to experiments [10].

The last case was the plate having initial surface crack at corner of circular hole
subjected to remote tension loading as shown in Figure 2.8. The results in Figure 2.9
show the comparison of predicted crack shape to test result. Good agreement was
observed between prediction and test at the small a/t value but the large a/t value
was observed as fair agreement. Finally, Crack length obtained from prediction

depending on load cycles also agreed well with experiment as shown in Figure 2.10.
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Figure 2.8 corner crack at a circular hole [10].
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Figure 2.9 Prediction of fatigue pattern for a corner crack at a hole under remote tension
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h Newman and Raju (1984) used the modified linear-elastic fracture

cepts to predicted fatigue crack propagation, there were many other

criteria which could be used to perform prediction of fatigue crack propagation as well.

Bouchard, Bay,

crack propagati

and Chastel (2003) performed many various applications to predict

on path and compared by using three different crack growth criteria.

Maximum circumferential stress criterion (MCSC), minimum strain energy density

fracture criterion (MSEDC), and maximum strain energy release rate criterion (MSERRC)

were chosen in

calculated on t

research based on finite element methods. The crack propagation was

he method of remeshing and nodal relaxation. [11]

The materials used in all examples were elastic with a Young’s modulus

E=98,000 MPa. and a Poisson ratio v = 0.3 [11]
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1) A rectangular part with an oblique pre-crack was submitted to a vertical tensile test
1.1)  The maximum circumferential stress criterion (MCSC)

The crack propagation in mode | had direction perpendicular to principal stress
occurring from vertical applied load as shown in the Figure 2.11. The path of crack

propagation obtained from this criteria grew in horizontal direction along the plate.

[11]
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Figure 2.11 A rectangular part with an oblique pre-crack [11].
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1.2)  The minimum strain energy density fracture criterion (MSEDC)

The ring around crack trip had directly influence the accuracy of this criterion
which was calculated for each element of the ring and the local minimum was
calculated using S(8) curve. According to different values between external element
and internal element of the ring, separation of both values were required for better
accuracy. Moreover, the calculation of the local minimum should compute as the
minimum of parabola for improvement the accuracy as well. The crack may propagate

in the direction that energy was minimum. [11]
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Figure 2.13 (a) Ring elements at the crack tip and (b) calculated S(8) curve for the MSEDC with the
numerical formulation [11].
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Figure 2.14 Crack propagation path with the MSEDC without numerical improvements [11].
The path of crack propagation calculated by MSED method was quite in the

horizontal direction and grew steadily until the end of the plate as shown in Figure

2.14.

1.3)  The maximum strain energy release rate criterion (MSERRC) using the G(O)

method

The maximum point of the G(8) curve was considered to predict the path of crack

propagation. However, the accuracy depended on the chosen angle step. [11]
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Figure 2.15 The fatigue crack path calculated with the MSERRC for an angle scan of (a) 10°, (b) 1°
and () superimposed trajectories [11].
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Figure 2.16 S(0) curve [11].

According to these results, all criteria could give good results. The crack paths
of each criteria were not significantly different. Thus, any criteria could be chosen for

prediction of crack propagation by user depending on their convenience.
2) Two holes steel plate with pre-crack

This example studied crack propagation in planar domain with two holes as

shown in the Figure 2.17. The crack path was under the influence of mode-I loading.

10 mm

T
20 mm * -

Figure 2.17 Pre-cracked part of steel plate with two holes [11].

2.1) The maximum circumferential stress criterion (MCSC)

Each crack grew in very near the holes in the beginning and changed to grow

in horizontal direction. The opposite hole attracted the crack again.
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Figure 2.18 Crack paths in a pre-cracked part with two holes, calculated with the MCSC [11].

2.2) The minimum strain energy density fracture criterion (MSEDC)

Three simulations were operated with a small ring, medium ring, and large ring.
The crack path of the small ring moved toward the holes and it would not change the
direction to horizontal direction. The crack path of medium ring was the proper path
in global propagation. The large radius gave a path in horizontal direction and grew to

the opposite side of the steel plate as shown in Figure 2.19.
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Figure 2.19 Crack paths calculated with the MSEDC with different ring radii. (a) a small ring around
crack tip, (b) a medium one, () the large one [11].

2.3) The maximum strain energy release rate criterion (MSERRC) using the G(8) method

Although this criterion also had three different sizes of ring, the G(8) curve was
still regular. The 10° scanning path of three criteria was quite similar. Therefore, the
superposition of the crack path for these simulations presented the mesh-independent

of this criterion.

Figure 2.20 Superposition of crack trajectories calculated with the MSERRC, for three different
mesh refinements [11].

Meshing in complex example was more important than simple example. The
result of MSEDC depended on meshing but the others could give good results without
mesh dependence. The comparison of crack path results between the MSEDC and
MSERRC, and between the MSERRC and MCSC are shown in the Figure 2.21. Moreover,
holes had more influence the local criterion of MCSC, but in the global result had no

significant difference.
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The results of CPU time computation of three criteria with the same automatic
remeshing parameters show that the MSEDC was the slowest method spending time
for the crack propagation. The two others criteria were time equivalent as shown in

the Table 2.1.

MSERRC 7 Q

(a) (b)

Figure 2.21 Crack trajectories comparison [11].

Table 2.1 CPU time comparison [11]

Criterion MCSC MSEDC MSERRC
Number of nodes 3053 3075 3186
CPU time t 1.3¢ 1.08¢

3) Crack growth from a fillet weld

A structural member, I-beam, which had initial crack at a fillet, joint between web
and flange in I-beam, was considered the path of crack propagation. The linear elastic
plane strain was simulated using the MCSC with a Poisson ratio V=0.3 and a Young’s
modulus E=200 GPa. The initial crack length at the fillet was a0=5 mm. Accordingly,
the bending stiffness could be changed by varying the size of bottom |-beam h = 15,
115, and 315 mm. respectively. The results of crack propagation were certainly

different depending on bending stiffness as shown in the Figure 2.22.
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Figure 2.22 Crack growth from a fillet [11]
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Figure 2.23 Influence of the bottom I|-beam rigidity on the crack path [11]
The results in Figure 2.23 describe that path of crack propagation was different

depending on the size of beam (h). The crack patterns of rigid, medium, and flexible

beam grew in horizontal direction, declined, and considerably went down respectively.

Table 2.2 Comparison of the performance in each criteria

Criteria 1 Criteria 2 Criteria 3
(MCSO) (MSEDC) (MSERRC)
Accuracy high Medium high

Slower than the
Time computation Medium medium
2 other criteria.

Implement in finite Easier than the 2
Medium hard
element code other criteria.




18

Table 2.2 shows the comparison of three criteria in terms of accuracy, time
computation, and implement in finite element code and probably conclude that MCSC
was more suitable for prediction of the crack propagation path. Consequently, the

MCSC method will be used in this study.

In this research, fatigue crack initiated as a semicircular shape at the weld toe
and propagated to the end of web thickness called Phase I. Liao (1989) computed the
values of stress intensity factor along semicircular surface for surface crack under

tension or bending in three dimensional plates as shown in Figure 2.24.
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Figure 2.25 Semicircular flaw under tension [12], a/t=0.4
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Numerical results of normalized stress intensity factor along polar angle under
tension and bending at depth to thickness ratios a/t of 0.2, 0.4, 0.6, 0.8 were calculated
and were compared with Newman and Raju (1979) solution. Figure 2.25 plotted the
results of normalized stress intensity factor along polar angle of semicircular flaw under
tension at a/t of 0.4. The stress intensity factor at surface front was the highest value

and dropped substantially along crack front until the deepest point [12].

McFadyen, Bell, and Vosikovsky (1990) studied the stress intensity factor and
life of steel plate with surface semi-elliptical defect by testing with pure bending as
shown in Figure 2.26. The fatigue crack shapes results shown in Figure 2.27 describe
that the crack size in c direction of semi-elliptical shape grew up faster than grew in a
direction. Moreover, fatigue crack life of both directions was predicted and compared
the results with Newman and Raju (1981) [13] as shown in Figure 2.28. The results show

satisfactory in testing and supported the Newman and Raju solution [14].

Reference probes

Figure 2.26 Specimen geometry and configuration [14] (dimension in mm)
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Figure 2.27 Predicted crack shape development for specimen [14], SIF from Newman and Raju
solution [13]
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Figure 2.28 Predicted crack growth in a and c directions [14]
2.2 Fatigue of welded details in steel bridges

In order to develop accurate stress intensity factor solutions for steel I-beams
under tension or bending, Albrecht, Lenwari, and Feng (2008) [15] studied the effects
of parameters on correction factors for two-tip web crack as shown in Figure 2.29. The
stress intensity factor for upper crack tip (K*) and lower crack tips (K®) of two-tip web
crack were different caused by eccentricity. Three parameters that influenced
correction factor for the upper crack tip of a web crack under bending were the flange-
to-web area ratio (B), the normalized web crack length (A,,), and the normalized crack

eccentricity (€) as shown in Figure 2.30.
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Figure 2.29 Coordinates and symbols of I-beam for two-tip web crack web crack [15]
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Figure 2.30 Correction factor for the upper tip of a web crack under bending [15]

In addition, constraining effect also influenced the correction factors of I-beams
by comparison with single plate solutions [15]. The correction factor (f°) of single-plate
solutions always increase with the crack length but I-beams are always less than the
single-plate solutions because of constraining effect. This effect is higher when crack

length increase or the crack tip propagates closer to the flange-to-web junction.

Therefore, the best fitting equation to compute the correction factor of two-

tip and of I-beam under tension and bending were (2.1) where coefficients were given
in Table 2.3 [15].



22

fAB (A, & B) = ag + a1 + ayfe + aze? + azd,, + aspa,,
+ agedy, + as A3, + agfel, + agf’e + a;ofe? (2.1)
+ ap A2 + a2 + a3BA% + aj.el?,

Table 2.3 Coefficients for Two-Tip Web Cracks in I-beams [15]

Tension Bending
Upper Lower Upper Lower

Coefficient crack tip crack tip crack tip crack tip
ag 1 1 0 0

a; -0.07184 -0.03591 1.02395 1.02052
as 0.05916 0.03257 —-0.02824 —-0.03142
as 0.07266 0.01609 —-0.02660 —-0.02841
ay 0.16801 0.17113 -0.51095 0.48403
as -0.15810 -0.17469 —0.00309 —-0.02169
ag —-0.09645 0.00540 0.66587 -0.19538
ag 0.13248 0.19882 0.02106 0.10116
ag 0.11124 0.10355 -0.03243 =0.02670
ag -0.01464 -0.01573 0.00337 0.00206
d -0.03299 0.00399 0.02660 0.03282
ap 0.04288 0.05901 0.00483 0.01704
ay -0.14373 -0.13149 -0.14302 —0.20652
ag —-0.09648 -0.16125 —0.01281 —0.06069
apy -0.03380 -0.27916 —-0.04610 —0.28079

2.3 Fatigue crack propagation at welded transverse stiffeners

Steel I-beams with transverse stiffeners are usually used in many steel
structures, especially steel bridges that confront with a number of cycles of live load

whose stress amplitudes are lower than yield stress, many fatigue cracks can occur.

In the design steps of steel beams, especially extra-long steel beams, many
problems usually occur, e.g., insufficient shear capacity, concentrated loading, and
lateral buckling. Transverse stiffeners are used to solve these problems. In addition, in
the fabrication procedure of transverse stiffeners on the steel beams was
recommended to preserve the gap between bottom end of the transverse stiffeners
and the tension flange called “web gap” in purpose of the convenience for welding
the transverse stiffeners on web. Therefore, the welding and the gap are the reasons

that cause the damages of the steel beams from fatigue crack.
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The design guides of AASHTO (2012) recommended the use of four to six times
as thick as web thickness for the strength of steel beams but did not consider the
effects of fatisue crack to the life span of the steel beams and might finally cause the
fracture of the bridge. The steel I-beam with welded transverse stiffeners was classified
as Category C’ detail (AASHTO, 2012)[3]. This detail was partially studied by Fisher
(1974). They studied the behavior of fatigue crack growth occurring at the welded toe
of steel I-beam with welded transverse stiffeners. The fatigue crack can initiate at any
locations and propagate in various patterns depending on the welding of the stiffeners
to either only the web or welding of the web and the flanges.

Fisher (1974) discussed the type 2 stiffeners that were not welded to bottom
flange in a region of pure bending. The plane of crack propagated in perpendicular to

the longitudinal axis of the steel girder as shown in Figure 2.31.

Figure 2.31 Typical failure at Type 2 stiffener [6]
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Figure 2.32 Stages of crack growth at Type 2 stiffener [6]

There were three stages of growth, as shown in Figure 2.32. In the first stage,
fatigue crack initiated as the semielliptical shape and propagated until end of the web
plate. Stage 2 started when the fatigue crack changed into a two-tip through-the
thickness shape. In the last stage, the lower front had broken through the extreme
fiber of the tensile flange. The fatigue crack propagated as a three-ended crack having
two fronts at tensile flange and the other at the web. Approximately 80 percent of the
total number of cycles were spent in growing the crack during stage 1. The second and
third stages were approximately 16 and 4 percent, respectively.

Sakano and Wahab (1998) investigated the long-term fatigue of I-girder with
welded transverse stiffeners under both constant and variable amplitude loading [7].
The material of web and flange plates are JIS SM490A steel whereas the stiffeners is
JIS SS400 steel. Three specimens (Nos. 1-3) are tested under constant amplitude
loading and two specimens (Nos. 4 and 5) under variable amplitude loading as shown
in Figure 2.33. Stress repetition rate is 2-3 Hz. The maximum load is fixed at 333 kN

for all specimens.
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(@ (d)

Figure 2.34 fatigue crack propagation (a) fatigue crack initiation (b) cross section at initial stage (c)
growing crack (d) failure of flange [7]
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Figure 2.32(a) presents the location of fatigue crack initiation at the fillet weld
toe on the web plate beside lower end of the intermediate welded transvers stiffeners
whose crack shape was semi-elliptical as shown in Figure 2.32 (b). The number of load
cycles from beginning until detection of initial faticue crack was approximately 2.77
million cycles. The fatigue crack propagated as a semi-elliptical shape until penetrating
through the web plate then changed the shapes into two-tip through-thickness and
both fatigue crack tips propagated in the vertical direction that was perpendicular to
the direction of bending tensile stress that was approximately 3.40 million cycles.
Finally, the crack propagated to fracture at the bottom flange at approximately 3.52
million cycles. The results show that the girders that were subject to variable

amplitude loading had higher number of load cycles than constant amplitude loading.

2.4 Numerical simulation using FRANC2D and FRANC3D software

The software has many useful to compute any values in order to predict fatigue
crack propagation paths and lives of steel structure. The fatigue crack test on large
structure as bridge was quite difficult to conduct because several reasons. Accordingly,
the software was used to obtain the results and reduced time computation in

calculation therefore researcher can study in many cases.

Duchaczek and Manko (2014) researched in different methods to calculate
stress intensity factor so as to predict service life of steel military bridges by several

methods. [16]

The first method for calculation of the stress intensity factor was the direct
method [16]. A simple beam which had 400 I-section, effective span (.=5.00 m, and
total length ;=5.60 m. was used as the adopted calculation. The concentrated force

of P and assembly holes were assigned to the middle span as shown in Figure 2.35.
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2.50m ) 2.50m

X p

Figure 2.35 test of steel structure beam [16]: (a) test in laboratory, (b) the three points bending,
(0) the assembly openings on the steel beam (d) their distribution

Duchaczek and Manko (2014) used the formula (2.2) to compute the stress

intensity factor as a function of crack tip distance r.
K; = 51'_7)73(022 V2nr) (2.2)
where 0,, is a normal tensile stress

The other three methods for calculation the stress intensity factor K, were used
to compute the stress intensity factor in case of fatigue crack propagation in a linear
elastic material with Poisson ratio v=0.3 and Young’s modulus E=210 GPa. The values
of stress intensity factor K, could be described in form of polynomial function
depending on the crack length a. Moreover, FRANC2D was used to analyze these

values. The results were shown in Figure 2.36 and Table 2.4.
(a) displacement correlation technique (DCT)

K; = 3.591043x107%a® — 1.226492x107%a® + 1.607019x10 *a*

—1.002931x1072a3 + 0.305422a? — 3.477165a + 28.399837 (23)
(b) modified crack closure integral technique (MCCIT)
K; = 3.495912x107°a® — 1.193476x107°a® + 1.564181x10 *a*
—0.977095x1072a3 + 0.298066a? — 3.388440a + 28.077051 (24)
() application of integral J
K; = 3.474625x107°a® — 1.185022x107°a® + 1.550842x10 " *a* 25)

—0.967008x10"2a3 + 0.294549a? — 3.343551a + 27.920652
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Figure 2.36 Three methods provide the values of stress intensity factor K based on the
FRANC2D software [16]: (@) DCT, (b) MCCIT and (c) the J-integral technique

Table 2.4 Comparison of the value of stress intensity factor using four methods [16]

The stress intensity factor K (MPa x m®)

FRANC2D software basis

Crack length Displacement correlation

Modified crack closure
technique (DCT)

integral technique (MCCIT) J-integral method (DM)

No. & (mm)
1. 5
2. 10
3. 15
4. 20
5. 25
6. 30
7. 35
8. 40
9. 45
10. 50
11, 55
12, 60
13, 65
14, 70
15. 75
16. 80
17. 85
18. 90
19, 95
20. 100
21, 105
22, 110
23. 115
24, 120
25. 125

15.504 15.514
17.974 17.910
20.160 20.323
23.213 23.158
26.058 25.891
29.123 28.746
32.544 32.512
35.808 35.680
38.944 39.072
43.424 43.360
47.168 46,944
51712 51.680
55.840 55.584
61.312 61.216
66.368 66.432
71.680 71.872
78.496 78.400
86.336 85.280
94,528 94.816
104.608 104.672
116.032 115.808
134.208 133.888
156.608 156.320
196.224 195.680
285.600 283.328

Direct

15.504 14.944
17.974 19.121
20.157 21.594
23.213 23.553
26.058 25.528
29.136 27.7718
32.544 30.409
35.808 33431
38.944 36.798
43,424 40.441
47.168 44.289
51.808 48.298
55.968 52.459
61.312 56.819
66.080 61.483
71.264 66.617
78.912 72.442
84.928 79.223
94.944 87.248
104.800 96.803
116.320 108.132
134.368 121.394
156.512 136.609
196.736 153.592
284.736 171.879

The results of the stress intensity factors calculated by several methods show

that all methods gave the values which were insignificantly higher than the value

obtained from the direct method when crack length was not exceed 100 mm as shown

in Table 2.4. Thus, the values of stress intensity factors can be obtained from any

methods that crack lengths were not exceed 80 percent of web plate as shown in

Figure 2.37. They were enough convergent to good results in the engineering fields.
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Figure 2.37 A comparison of the values of the stress intensity factor Kl using
Direct method and Displacement correlation technique [16].
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Figure 2.38 Increase in the fatigue crack length depending on the number of load cycles [16]

Paris and Erdogan Equation (1963) was applied to obtain an expression for the
influence of number of load cycles N on increasing of crack length a. It was possible
to describe that the results of calculation by the D2CT method was sufficiently close
to experimental results. Therefore, the DCT method will be used to calculate the stress

intensity factors for all cases.
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Riddell, Ingraffea, and Wawrzynek (1997) studied the behavior of fatigue crack.
The test had the geometry and boundary conditions as shown in Figure 2.39. Constant
amplitude loadings were applied. There were 2 transition defined in this experiment.
The first transition occurred when the crack tip 1 reached the corner @ having the number
of cycles of |; and the second transition occurred when the crack tip 2 reached the

corner B having the number of cycles of L.

' 76.2 mm Ap;f&.;zkhl
L( ) AYT C ;I

61.2 mm
|(—)‘ 50.8 mm

Q- Ae—] O

304.8 mm

| 38.1 mm |
initial notch |

crack 157 | progressive
tipl | mm crack front

k. 4

Section A-A

Figure 2.39 Geometry and boundary conditions for test [17]

Table 2.5 The number of cycles obtained from experiments and numerical simulations[17]

Simulation or experiment. I b

Experimental upper-bound 39 500 81 700
Experimental average 55600 107 400
Experimental lower-bound 86 400 158 200
NASCRACH 51 000 67 500
NASA/FLAGRO 60 000 109 000

FRANC3D 39200 68 900
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Table 2.5 shows the results of number of cycles for both transitions obtained
from each methods. The results obtained from FRANC3D were the minimum cycles.
This research concluded that the fatigue life predicted from FRANC3D was conservative

and reasonable for all test set investigated.

Rails are usually subjected to bending especially at the foot region and web
corner [18]. Kotsikos and Grasso (2012) studied a predictive model with different initial
small crack of a rail which was tested under four point bending was compared with an

experiment.

The fatigue crack fronts were generated by finite element methods using ANSYS
and FRANC3D. The average yield strength was 540 MPa and the ultimate strength was
940 MPa with an approximate elongation 12%. The results of crack front with different
initial crack position by software is shown in the Figure 2.40 and by experiment is

shown in Figure 2.41.
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Figure 2.40 Outline of fatigue crack fronts at failure [18]
. _. -'.5 + .1 iR

Figure 2.41 Fatigue tested rail showing semicircular crack near initiation site (solid line) and semi-
elliptical crack at failure (dotted line) [18]
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The initial crack which had a semi-circular profile changed to elliptical profile.
The crack front grew toward the foot of the rail more than toward the web because
the stress may increase further away from neutral axis toward the foot of the rail as
shown in both the Figure 2.40 and Figure 2.41. Moreover, plastic region around the

crack trip could be considered when ductile material was used in numerical simulation.

&

- -1

|
)

SIF{MNm V)
SIE{MNm )

0 20 s = 100 20 0 180 20 200 -200 0 o 50 100 130 200
Parametric angie (degees) Paramatsic anpe (deg ees)

Figure 2.42 Comparison of SIF value from FEA and analytical solution for web corner crackl (left)
and crack? (right) [18]

Figure 2.42 shows that there were a good agreement of the stress intensity
factor between FRANC3D and analytical solution obtained from Newman and Raju

(1979) [8].

Also, another research performed numerical simulation of fatigue crack
propagation and predicted the life of steel plates using FRANC3D [19]. In order to
measure fatigue growth rate parameter, numerical simulation on fatigue crack
propagation of CT specimens were employed in these tests shown in Figure 2.43. Two
material types used in test were base metal and butt weld joint whose properties are

shown in Table 2.6.

< é%‘ Rolling direction

Figure 2.43 Sampling of CT specimens of butt weld [19].
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Table 2.6 Average mechanical properties of WNQ570 base metal and butt welds [19].

fy (MPa) — f, (MPa) E (MPa) Ax)  Z(%)

Base metal 495 568 207 45.6 62.3
Butt weld joint 569 665 225 23.6 70.1
1F-6 8E7§
©) i O 6ETE-
L 4T E-
g £ *E
~ B = C
= u
Z % C
I BT = BT
AN T L&
& [ S -
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Figure 2.44 Fatigue crack growth rate test results of Base metals (left) Butt welds (right) [19].
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Figure 2.45 Numerical Simulation results of predicted and measured a-N curves for base metals
(left) and butt welds (right) [19].

The experimental test results (Figure 2.44) show the effect of stress ratio on
faticue crack growth rate for WNQ570 base metals and butt welds. The measured

results tended to decrease throughout the increasing of the stress ratio.

The stress intensity factor was calculated and the maximum tensile stress
criterion (MTS) was adopt for the numerical simulation by FRANC3D. Finally, the
measured fatigue crack growth rate parameters were also used to be the input for
propagation model. The curve of complete crack length against number of cycle (a-N
curves) were obtained as shown in Figure 2.45. Good agreement was observed

between experimental investigation and numerical simulation by FRANC3D.
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Additionally, the fatigue crack growth rate of base metal was lower than that of butt
welds. While WNQ570 base metal had a lower the fatigue crack growth rate than other
bridge steels. Therefore, this material had an excellent fatigue resistant capacity and

was suitable for being in steel bridge materials [19].

Storgards, Simonsson, and Sjostrom (2015) also used FRANC3D to predict crack
propagation and compare with the experiment under cyclic loads. Figure 2.46 shows
the results of crack front shapes from FRANC3D (white line) on fracture surface from
mechanical tests. For R=0.05 (left), the numerical results gave some difference from
the test but for R=0.6, the numerical results and the actual test were almost no

difference [20].

.. 0

[mm] (mm]

Figure 2.46 Cyclic test results for (left) R=0.05 and (right) R=0.6 [20]

Seifi and Omidvar (2013) studied fatigue crack growth in mixed mode | and Ill
using modified CT specimens [21]. The fatisue behaviors depended on many
parameters, such as, initial angle of crack, initial length of crack. The details of
specimens shown in Figure 2.47. The numerical simulation also used FRANC3D with

MTS criterion to determine the crack growth.
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Figure 2.48 Crack growth paths and fracture surfaces [21]
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Figure 2.49 Numerical results (N) and experiment results (E) of fatigue crack life for specimens
with pre-cracks of 20 mm (top) and 10 mm (bottom) in any angles [21]

The specimens contained a crack with inclination angle 0=0, 30, 45, and 60
degree with the initial crack lengths of 10 and 20 mm. Figure 2.48 shows fatigue
crack propagation path and Figure 2.49 shows the fatigue crack life. The results
describe that the fatigue life increased by increasing the crack angle. Therefore,
mode | had a dominant influence mode lll. On the other hand, the fatigue crack life

decreased by increasing the pre-crack length [21].



CHAPTER 1lI
THEORY

3.1 The finite element method

The distribution of stresses and strains in a body on which external loads and
displacements subject is frequently essential to determine. A closed-form analytical
solution can be obtained in particular cases, for example, isotropic elastic material is
subjected to plane stress or plane strain loading. However, most of problems cannot
be described by closed-form solutions; therefore, numerical techniques are used to

estimate the stresses and strains in the body [22].

There are many numerical techniques used to estimate solid mechanics
problems, for instance, finite element method, finite different method, and boundary
integral equation method. In recent years, almost problems have been solved by using
the finite element method and the boundary integral equation method. Despite
usefulness in limited circumstances of the boundary integral equation method, the

finite element method is usually used to analyze of cracked bodies [22].

The concept of this method is to subdivide the structures into discrete shapes
which are called elements [22]. There are many element types including 1D beams,
2D plane stress or plane strain elements, and 3D bricks or tetrahedrons. Node points
are the locations that the elements are connected. These points are enforced to have

continuity of the displacement fields.

The stress analysis problems are normally solved by the stiffness finite element
method. The outline below shows 2D plane stress or plane stain problems of an
isoparametric continuum element that has both local and global coordinate axes. The
local coordinates called parametric coordinates were between -1 and +1 over the
element area. The node at the upper right-hand corner has parametric coordinates
(+1, +1) and the lower left-hand corner is at (-1, -1). Moreover, the parametric
coordinate system can be any shapes of quadrilateral. The global coordinates of a

point on the element at (§,1) are given by
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x = ZNi(f,n)xi (3.1)
i=1

y = z N;(&,my; (3.2)
i=1

where N; are shape functions corresponding to node i, whose coordinates are (§;, n;)

in the parametric system and (x;, y;) in the global system.

(1, 1)

(-1,-1)

X

Figure 3.1 Local and global coordinates for a two-dimensional element [22].

The shape functions are polynomial whose degree depends on the number of
nodes in the element and the value of shape functions can be interpolated from field
quantities within the element. The displacements which are interpolated within an

element are

u= Z N; (¢, ny; (3.3)
i=1

V= 2 N; (€, mv; (3.4)
i=1

where y; is the nodal displacement in x direction and v; is the nodal displacement in

y direction. The strain matrix in global coordinates is given by

Where matrix [B] is
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_aNi

d0x
dN;
[B] =10 ay (3.6)
dN; ON;
| dy  Ox |
And
(')Ni aIVL
dx _1) 0§
an; [ = U1 {an, (3.7)
ay an
where [J] is the Jacobian matrix is given by
[iE g =AM ],
_{og ozl _|"ax Y| ¢
U=lox oy ™| om |["] @9
[677 ar]J | dy |
The stress matrix can be computed from
{0} = [Dl{e} (3.9)
Where matrix [D] is the stress-strain constitutive matrix.
{Ac} = [D(¢,0)]{Ae} (3.10)

The constitutive law and the nodal displacements can infer that the behavior
of stress and strain distribute throughout the body. The nodal displacements depend
on both the nodal forces and the element stiffness whose matrix is given by the

following equation derived from the principle of minimum potential energy.

(k] = f f (BI"[DIBldetlj| dEdn (3.1
-1J-1

The g¢lobal stiffness matrix [K] is given from assembly of the elemental
stiffness matrices. Furthermore, the relation of the global stiffness matrix, displacement

matrix, and force matrix can be shown as follow:

[K1[u]l = [F] (3.12)
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3.2 Design of welded transverse stiffeners by AASHTO (2012)

Transverse stiffeners are welded on either one or both sides of web [3]. The
double-side stiffeners that are not used as connection plates or bearing stiffeners shall
be fitted tightly or attached with only the compressive flange. Single-sided stiffeners
should be attached to both flanges in order to retain the cross-sectional configuration
of the beam when subjected to torsion and can avoid high localized bending within
the web. This reason is the requirement of pairs of transverse stiffeners to attach to

both flanges as shown in Figure 3.2.

X ‘/
/T | . ‘
; P e e —— [y e ————— . _Z. - I 1
N
/s L 1
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- / e { !
—| " i
. b [ ]
tr [) *

Figure 3.2 double-sided stiffeners
Projecting width, b, is required by AASHTO (2012) to prevent local buckling of

the transverse stiffeners. The width of each projecting transverse stiffener shall satisfy

the equations (3.13) and (3.14).

=20+ H
w > 2. 30 (3.13)
16t =>w > bf/4 (3.14)

The web-gap length, which is the distance between the bottom end of web-
to-stiffener weld and the tensile flange, shall not be less than four times of web
thickness to relieve flexing of the unsupported of the web in order to avoid fatigue-
induced cracking of the weld toe. However, this length shall not exceed the less of six
times of web thickness and 4.0 in (100 mm) to avoid vertical buckling of the

unsupported web as shown in the equation (3.15).
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4t,, < web gap < 6t,, (3.15)

The transverse stiffeners do not required when H/t,, < 1.12,/Ek/E,,, where
k is shear-buckling coefficient. For transverse stiffener that panel support a shear force,
V,, is lower than the factor shear buckling resistance, ¢,v., the moment of inertia (I

of stiffener must satisfy the following limits

Ige = 59 (3.16)
and
It = It (3.17)
where
Is¢1 = bty] (3.18)
H4. 1.3 E 1.5
Ls¢r = —4;:; (%) (3.19)
where p is the large of F,,/F.s and 1.
[ 2.0>0.5

The transverse stiffener of web that adequately develop the shear-buckling
resistance or the combined the shear-buckling and post-buckling tension-field
resistance requires having sufficient rigidity to maintain a vertical line of zero lateral
deflection along stiffener line. For ratios of (a/H) less than 1.0, much larger values of
l; are used to develop the shear-buckling resistance represented by equation (3.16).

The equation (3.16) and (3.19) give a constant for the I ; for web panel with a>H.

0.31E
<F
(m)z ys (3.21)
t

— (3.23)
V, = 0.58F,,ht,
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where V,, Vg, V, are plastic shear force, smaller of the nominal shear-buckling
resistance of the adjacent web panel, and larger of the shears in the adjacent web

panels from factor loads, respectively.

For transverse stiffener that panel support a shear force, V,, is larger than the
factor shear bulking resistance, ¢var, or the tension-field resistance is required. The

moment of inertia (I;) of stiffener must satisfy the following limits.

st > Istq (3.24)
then
Vu - d)var
Igp = Isp1 + (I — 1 (—) 3.05
st 2 Iser + Usez = Iser) DoV — DoV (3.25)

The AASHTO (2012) recommended that the transverse stiffeners on I-girders
that were designed for tension-field action are loaded predominantly in bending
because of the restraint they provide to lateral deflection of web. Therefore, the
moment of inertia in equation (3.25) is used instead of the transverse stiffener area

requirement.
3.3 Flexural rigidity ratio

The flexural rigidity ratio is defined as the ratio of flexural rigidity (El) of
transverse stiffener about the centroid axis (x-axis) to flexural rigidity (El) of the girder
about z-axis as shown in Figure 3.3. So, the given equation is represented in equation

(3.28).

X/
A
Z = R = Z
X .
¢ L, o
t yd
»

Figure 3.3 the moment of inertia of double-sided transverse stiffeners
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1
Ise = 75 t[@w + tw)® — ty] (3.26)
and
1 1 H+ te\?
— 3 f
Igirder = E th3 + 2 IE bftf + (bftf) (T) l (3.27)
then
L o (ED)gt
Flexural rigidity ratio (ED) girder (3.28)

3.4 Stress intensity factor

The tool which is used to determine the crack propagation and service life of
steel bridge is stress intensity factor (K). The value of K can determine the stress, strain,
and displacement fields in the near crack-tip area under linear elastic fracture
mechanics (LEFM) assumptions. There are two categories of stress intensity factor
techniques. First, direct approaches correlate the stress intensity factor with finite
element method results directly. Second, energy approaches, which compute energy
release rates have more accuracy and are often used to determine stress intensity
factors. Nevertheless, the direct approaches are simple enough to hand calculation;

therefore, they are used to check on energy approaches. [16]

Since the most effective method for discontinuous problem, especially the
problem of fracture, is the extension of finite element method, M-integral is applied
to calculate stress intensity factor by computing the stress and displacement field

nearby the crack tip. [23]

3.4.1 M-integral technique for calculating stress intensity factor (energy

approach)

This method can be used to calculate in case of mixed-mode stress intensity
factor along 3D cracks in homogeneous materials [23]. The derivation of M-integral
bases on the path-independent J-integral technique. The auxiliary displacement, stress,

strain fields must be selected as the crack tip asymptotic field. The 2D relationship
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between stress intensity factor and J-integral can be written for general mixed-mode

problems.
K’  Kii
J=Ft g (3.29)
Where E* is defined as
E for plane stress
E*={ E . (3.30)
1 — 2 for plane strain

A cracked body is considered in two states. Statel, (aig.l),si(jl) ul(]l)) and
state2, (O’i(]-z), sl.(jz) ulgf)) relate to the present state and an auxiliary state. The J-integral
which is the sum of two states is shown in

1
— (D (2) €Y) ()
](1+2) _fr IE(GU +crij )(sij +eij )0'1]-

O(um N u.(z)) (3.31)
- (a-(-l) o 0_1(12)) : : n; dl’
ij ij axl ]
Expanding and rearranging terms
](1+2) =](1) _|_](2) + M12) (3.32)

Where M(*2) is called the M-integral for state 1 and 2

au.(z) au-(l)
MA+2) — j wdg  —gMW L ;@ g, gr
i 0 Oy G T g [T (333)

where W12 is the interaction strain energy.

1) (2 2 1
W0 = (0D = 520 (3.30)

The combined states are
2
](1+2) = ](1) +](2) + E* (Kl(l)KI(Z) + KI(Il)KI(IZ)) (3.35)

This equation gives the following relation.
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2
MO = = (kOK® + KPKP) (3.36)

Choosing state 2 as the mode-l asymptotic fields with K,(Z) = 1,1(1(,2) = 0 give mode |
of SIF in terms of M-integral.

2
Kl(l) — EM(l,ModeI) (3.37)

Also, choosing state 2 as the mode-Il asymptotic fields with K,(Z) =0, K,(,Z) =1 give
mode Il of SIF in terms of M-integral.

2
KI(I1) — FM(l,MoaleII) (3.38)

3.4.2 Displacement correlation methods (direct approach)

Displacement correlation method is a direct approach for extracting the stress
intensity factors from finite element method results. Chan, Tuba and Wilson (1970)
stated that one of the simplest techniques was displacement correlation technique.
The one point in the mesh of finite element displacements is replaced directly into
the near-tip displacements of the analytical methods. Figure 3.4 shows the

configuration for this simple technique. [16, 24, 25]

A Y

A 4
-

Figure 3.4 Possible sample point locations for simple displacement correlation [24]

In case of plane strain, the stress intensity factors can be expressed in following

formulae.
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K = #m(vb - va)

K _#m(ub_ua) (3.40)

11 \/;(2 — ) 3.40
\/E(W - Wa)

Ky = = \/;_r (3.41)

Where u;, v;, w; are the displacements in X, y, and z axes at point i, u is the shear
modulus, v is Poisson’s ratio, and r is the length between crack tip and correlative
point. This expression can be used in case of plane stress by replacement Poisson’s

ratio withv =v/(1 + v).

The accuracy of results can be improved by choosing the correlative point and
having high refined mesh in the region of crack tip. One technique used for choosing
the correlative point to compute stress intensity factors for a series of points which are
very near the crack tip as shown in Figure 3.5. These results are plotted to be a curve

and extrapolated to stress intensity factor value for r equal to zero.

Crack -

Figure 3.5 Definition of the coordinate axis ahead of a crack tip. The z direction is normal to the
page [22]
Moreover, the accuracy of stress intensity factor value can be improved by
using four nodes. The quarter-node b, ¢, d, and e present along the crack route. In this
case, the displacement of all node can be used to compute the stress intensity factor

as follows.

Uv2m

K, = m [4(vp — vg) + Ve — V] (3.42)
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3.5 Fatigue crack growth analysis
3.5.1 Fatigue loading types

The variables causing faticue loading can be defined as the applied loads,
vibrations, pressure changes, wave loads, and temperature changes. The structures are
usually subjected to variable cyclic loading. Stress ranges and other stress parameters,
such as, mean stress value and sequence of loading cycle, can be generated by these
loads of varying amplitude. The variable amplitude stress ranges which are generated
by real loads are very useful to deal with the complex loading situations. On the other
hand, the constant amplitude stress ranges are easier to handle in design calculations.
The stress and its parameters are shown in Figure 3.6 for both variable and constant

amplitude fatigue loading.[1, 26]

Fatisue life describes the duration of structure depending on several
parameters. The most important and primary parameter is the stress range(Aa). The
cycle of stress damages accumulatively to the steel structures. In the case of constant
amplitude fatigue loading, the loading is defined as cyclic loading with constant mean
load (Ao,,) and constant amplitude. The ratio of minimum and maximum stress is
defined as the stress ratio (R) indicating the effect of mean stress, a secondary
parameter influencing fatigue life. In the high residual stress condition, the fatigue

design of welded components can neglect the effect of mean stress [27].
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Figure 3.6 Stress parameters defined in fatigue loading [27]
3.5.2 Kink angle
The local direction of crack propagation is defined by the amount of deviation
from self-similar direction, the measured in a plane perpendicular to the crack front

called “kink” angle. The Figure 3.7 shows the kink angle () [26].

y

Figure 3.7 Schematic illustration of the definition of the kink angle [26]

3.5.2.1 Maximum tensile stress criterion

This concept proposed by Erdogan and Sih (1963) [28] is to predict the direction
of crack propagation where the hoop stress, g gg , is maximum as shown in Figure 3.8.
The hoop stress can be used to calculate the resolve mode-I stress intensity factor,
K[ for an isotropic stiffness materials [26]. The toughness of the isotropic material can

be estimated by numerical finding the 6 angle that has maximum K| and ggg.
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0 6 3
K/ (6) = gggV2nr = cosE[K, cos? 5~ EK” sin 9] (3.44)

Brick elements (20-node)

Crack tip /

Figure 3.8 Definition of MTS criterion and crack direction at the crack tip [27]

The MTS criterion had been applied as the following equations.

1 6 ,0 3
Ogg = = cos 7 [K, cos® o = EK” sin 9] (3.45)
1—/1+8(K;/K))?
Af = 2tan™?!

The direction of maximum tensile stress obtained from equating the derivative

of equation (3.45) to zero, as given in equation (3.46) [27].
3.5.2.2 Maximum shear stress criterion

In high shear loading condition at crack front, crack can grow in the high shear

stress condition. This theory predicts the crack propagation in the direction that has

maximum resolved shear stress, a5 = farze + 025 . The resolved mode-Il and mode-ll
stress intensity factor have a relation to the components of shear stress for materials

with isotropic stiffness properties. [26]

1 6
K], = o.9V21r = ECOSE[KI sinf — K;;(3cos8 —1)] (3.47)

0
Kjj; = 0,9V21r = Ky COSE (3.48)

The toughness of the isotropic material can be estimated by numerical finding

the @ angle that has maximum K7 .
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K7 (6) = J (Buki(©))" + (Buiki(0))”  (3.09)

Where B; and B;; are user supplied parameters for predicting shear crack

growth direction which matches assumption or predicts behavior.
3.5.2.3 Maximum generalized stress criterion

This criterion predicts the direction of crack growth that corresponds with the
greater resolved SIF K] from the maximum tensile stress criterion or K from the

maximum generalized stress criterion. [26]

In such a case, crack front is considered to be tensile fracture but shear fracture
is in another part. This can cause abrupt discontinuity in the predicted kink angles. The
crack cannot mesh successfully and crack geometries cannot be realistic. Therefore,
the maximum tensile stress criterion and the maximum generalized stress criterion

should be selected.
3.5.2.4 Maximum strain energy release rate criterion

The concept of this criterion is to predict the path that crack will grow in the
direction that has maximum rate of change of potential energy in the system due to

crack growth. [26]

The toughness of the isotropic material can be estimated by numerical finding

the 6 angle that has maximum the expression.

G(O) = (K7 ()" + (Buk;©)° + (Bukin ()" (3.50)

where K[, Kj;, Kj;; are the resolved mode-I, mode-ll, and mode-Ill stress intensity
factors respectively and can be calculated as the equations (3.44), (3.47), and (3.48) .
The beta factors are described in 3.4.3.

3.5.2.5 Planar criterion

This criterion forces the crack propagation with a zero kink angle called self-
similar growth. This option should be selected in the case of crack growth in plane.

Computing the kink angle usually has small undulations developing in the predicted
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crack surface due to numerical noise. Therefore, this option can reduce the small

undulation. [26]
3.6 Paris law

The important factor estimating the fatigue life of structure is fatigue crack
growth rate. The crack growth rate of metal is often used Paris law [29], which is the

relationship between crack growth rate and stress intensity factor as follow.[1, 2]

da

aN = C(AK)™ (3.51)

where C and n are material constants including the environmental effect which are
determined by experiment. According to Paris and Erdogan (1963) experimental data,
they suggest using an exponent of 4 (n=4)[29]. However, many investigations for most

materials used in fatigue-load structures have shown that m are between 2 and 4 [22].
3.7 FRANC3D fatigue crack propagation

FRANC3D is a pre- and post-processor for simulation of crack growth in three
dimension. Crack propagation in this software is based on point. The stress intensity
factors are calculated along a crack front whose shape can be transformed. The

algorithm of FRANC3D fatigue crack propagation can model both planar and nonplanar

strain
section

crack growth [17].

Figure 3.9 The simulation of three-dimensional fatigue crack propagation by FRANC3D [17]
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Figure 3.9 summarized the process for numerical simulation of fatisue crack
propagation in FRANC3D by prediction of crack shape and crack size. Treating the crack
as a series of plane strain is used to predict the direction of propagation at each node
along crack front. A criterion such as Gpax, Smin, OF Maximum hoop stress is selected at
each node. The crack growth increments are required when the direction are found.

This approximation can be written as the equation of

da;
d;l—N (3.52)
(W)max

Aa; = Adygx

where da/dN is the crack growth rate at the node i using the local AK for calculation,
(da/dN)ax is the prediction of the crack growth rate along the crack front, and Aa,.,
is the maximum allowable crack growth increment that is input by user. Paris law is

brought to substitute in equation (3.52) and obtain

n

AKi )

Aal- = Aamax (F
max

(3.53)

where AK . is the maximum value of the stress intensity factor along the crack front

and n is the Paris material component.

The second step is connection of the tips of the vectors of length Aa; to define
the new crack front. Crack surface is added from the area between the new crack front
and the old crack front as shown in Figure 3.9. The software performs the local
remeshing before a 3D stress analysis is performed on the new geometry. Then, the

process is repeated.

The last step is to predict the number of load cycle which separate successive
crack fronts. Fatigue life can be calculated if there exists a value of AK to represent
each crack front and a value of Aa to represent the difference between each pair of
FRANC3D-predixcted crack fronts. FRANC3D extracts a series of AK and Aa values from
the series of FRANC3D-predicted crack fronts. The AK for the entire crack front is taken
to be the average of AK over the entire crack front and the crack length increment
(Aa) between crack front is taken to be the average of Aa; over the crack front.

Therefore, FRANC3D predictions are based on this method of fatigue life integration.



CHAPTER IV
FRANC3D SIMULATION

4.1 Methodology

The following work flow represents the process for fatigue crack propagation

analysis using ANSYS and FRANC3D software. (Refer to Appendix A)

Export to FRANC3D

&

Figure 4.1 Work flow for crack-propagation analy5|s using ANSYS and FRANC3D



(Refer to Appendix A)

Figure 4.1 Work flow for crack-propagation analysis using ANSYS and FRANC3D (continued)
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In this research, FRANC3D V.6.0 software developed by the Cornell fracture
group is used to perform numerical simulation using the finite element analysis.
However, other software used concurrently with FRANC3D is ANSYS software. In the
first step, the model of steel beam with welded transverse stiffeners is created and
defines both the element type and material property by ANSYS as shown in Figure 4.1.
The boundary conditions, such as, point loads, distributed loads, bending moments,
and structure supports are also assigned to the model. The model is divided into many
elements and then is exported to FRANC3D software. Many types of cracks are able to
be inserted into the model that FRANC3D performed remeshing. FRANC3D
automatically sends the element model to ANSYS for performing the static analysis
and then sending back to FRANC3D. In this step, the stress intensity factors along crack
front can be computed for initial crack by FRANC3D using the results file obtained from
ANSYS. FRANC3D continuously operates the crack growth analysis. The fatigue crack
growth type, fracture growth rate, number of cycles, stress ratio, and kink angle are
required to extend the crack growth increment Aa. The element model is
automatically remeshed again for next static analysis. This process is repeated for the
chosen number of crack steps. Finally, the obtained results are the stress intensity for

each step, crack increment for each step, and the number of crack step.

4.2 Verification of three-dimensional finite element analysis

Fatigue crack occurs at the weld toe at the bottom end of transverse stiffeners
that developed as a semicircular shape and then transformed into two-tip through-
thickness shape. Accordingly, these two fatigue crack shapes can be studied in other

cases in order to ensure the ability of the software.
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4.2.1 Stress intensity factor for surface crack with semicircular shape

under tension and bending

1

I
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Figure 4.2 Coordinates and symbols of Surface crack in a plate [10].

Newman and Raju (1979) [8] studied the stress intensity factor of surface semi-
elliptical crack under tension and bending as shown in Figure 4.2. There were many
cases depending on the ratios of crack length in depth to width direction (a/c). This
study chooses the cases of both tension and bending that a/c is equal to 1

(semicircular shape) as shown in Figure 4.3.
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Figure 4.3 The initial semi-elliptical crack

For tension plate, the steel plates have the thickness of 2 mm, width of 30
mm, height of 50 mm. Tensile stress is applied of 1 MPa as shown in Figure 4.4. The
ratios of crack length in depth to the thickness of steel plate (a/t) are equal to 0.2, 0.4,

0.6, and 0.8, respectively.
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In case of bending plate, Newman and Raju (1979) [8] studied on a large steel
plates which had the thickness of 9.5 mm, width of 80 mm (c/b=0.2), height of 140
mm (c/h=0.2). Bending stress is applied of 1 MPa at the crack position Figure 4.5. The
ratios of crack length in depth to the thickness of steel plate (a/t) are equal to 0.2, 0.4,
0.6, and 0.8, respectively.

Figure 4.5 The model of steel plate under bending

The stress intensity factor values that are obtained from the FRANC3D
simulation are compared with the results of Newman and Raju (1979) [8] and Liao and

Atluri (1989) [12]. Moreover, The stress intensity factors are normalized to be unity as

Normalized KI = —a a.1)

where S is the tension or bending stress and the shape factor (Q) is approximated by

1.65

Q =1+ 1.464 (E) 4.2)
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Figure 4.6 The results of the stress intensity factor along crack front under tension
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Figure 4.7 The results of the stress intensity factor along crack front under bending
(a) a/t=0.2, (b) a/t=0.4, (c) a/t=0.6, and (d) a/t=0.8

Figure 4.6 and Figure 4.7 show the normalized stress intensity factors for the
semicircular crack under tension and bending, respectively. Very good agreements are
observed between FRANC3D results and Newman and Raju (1979) for all a/t except for
a/t=0.2 under bending that is observed as fair agreement. So, FRANC3D may have
enough performance to calculate the stress intensity factor for surface crack under

both tension and bending.
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4.2.2 Surface crack with semi-elliptical shape under tension

The problem form example 13 of FRANC3D/BES benchmarking [30] is selected
to verify that FRANC3D V.6.0 is capable of providing accurate the stress intensity factor
and life for surface crack with semi-elliptical shape problem. Stainless steel plate with
semi-elliptical surface flaw has thickness of 19.75 mm, width (2b) of 180.3 mm, height
(2h) of 400 mm as shown in Figure 4.8. The material properties include an elastic
modulus of 210,000 MPa and a Poisson’s ratio of 0.30. The initial surface crack with a/t
is equal to 0.098 that is crack length (a) of 1.93 mm and a/c is equal to 0.78 that is
crack length (c) of 2.47 mm as shown in Figure 4.9. The loading on steel plate is cyclic
uniform tension with constant amplitude loading having max tensile stress of 245 MPa

and stress ratio of 0.15. The Paris law [29] is used in prediction which C and n are equal

to 1.14x10™ and 3.85, respectively. Figure 4.10 shows the points on the crack front.

Figure 4.8 The modeling of plate under tension

[T L] [ 11

Figure 4.9 The initial semi-elliptical crack
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Figure 4.10 the studied positions of surface crack: the depth point (A) and

the surface value (B)

Table 4.1 Comparison of the values of stress intensity factor at initial crack.

Surface value Depth value
Relative Relative
Methods (point B) (point A)
error % error %
(MPAVMmM) (MPAVMm)
Experiment 445 - as57 -
FRANC3D (Benchmarking) 460 3.37 454 -0.66
FRANC3D (This study) 448 0.67 443 -3.06

Table 4.1 shows the values of stress intensity factor at initial crack for surface
and the deepest point which is compared with experiment of Kawahara (1978) [31]
and the obtained values from FRANC3D/BES benchmarking. The results obtained from

FRANC3D V.6.0 has very good agreement with the relative error at surface point and

the deepest point of 0.67 and -3.03 percent, respectively.
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Newman&Raju (1979)
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Il FRANC3D (This study)

0.098 0.122 0.156 0.201 0.245 0.31 0.384 0.47 0.557 0.661 0.771 0.887
a/t

Figure 4.11 A comparison of the stress intensity factor Kl at surface (point B) obtained from
Newman & Raju (1979) [8], FRANC3D (Benchmarking) [30], and FRANC3D (This studly).
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Figure 4.12 A relative error of stress intensity factor Kl at surface of crack for FRANC3D (This study)
compared to Newman & Raju (1979) [8]

Figure 4.11 and Figure 4.12 plot the different values and the relative errors of
stress intensity factor at surface of crack against normalized crack length (a/t) that are
calculated from three methods. The results indicate that the values of stress intensity
factor obtained from each method are not quite different with all relative errors of

FRANC3D compare with Newman & Raju (1979) below 4 percent.
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Figure 4.13 The predicted number of fatigue cycles obtained from FRANC3D (This study)
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Table 4.2 the total number of fatigue cycles at crack length ¢ of 28 mm (point B)

Methods N¢ (cycles) Difference %
FRANC3D (Benchmarking) [30] 217,000 -
FRANC3D (This study) 230,000 5.99

The fatigue crack growth curve in the surface (c) is plotted in Figure 4.13 that
the stress intensity factor solutions are incorporated into a fatigue life prediction. The
comparison of benchmarking and FRANC3D surface crack growth that was predicted to
28 mm is shown in Table 4.2. The result of FRANC3D (This study) also has good

agreement with benchmarking with the difference of 5.99 percent.

4.2.3 Two-tip through-thickness in structural steel I-beams under bending

A structural steel I-beam [15], W40x149 of 6 m length, 300 mm width, 949.2
mm depth, and 21.1 mm flange thickness, and 16 mm web thickness is selected as
shown in Figure 4.14. The crack eccentricity is 250 mm with A,=0.2. Therefore, initial
crack having two-tip through-thickness shape is 44.92 mm of length. Stress intensity
factor and fatigue crack life have been calculated by FRANC3D and compare with those

of finite element values by Albrecht et al (2008) [15].
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Figure 4.14 I-beam for two-tip web crack web crack [15]

In case of fatigue life, the Paris law [29] is used to calculate the number of load

cycles by direct integration which C and n are 5x10® and 1.5 as shown in equation (4.3).
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ar
“  da Aa
N = -[10 CaK)" = COK)" (4.3)
ao
The stress intensity factor is
AK = fB(A,, &, B)Aovma (4.4)

where f2(4,,¢ B) is a correction factor of two-tip web cracks in I-beams for lower crack
tip under bending stress that used from [15] and Ao is bending stress at the flange-to-

web junction.

Table 4.3 shows the results of stress intensity factor using the correction factor
from Albrecht (2008) [15] and bring to compute the fatigue life by direct integration
method. Because the equation (4.3) is very difficult to calculate the fatigue life,
trapezoidal rule is used. The step sizes of trapezoidal rule must be considered to
ensure the accurate values obtained from calculation. Moreover, the stress intensity

factors for mode Il and mode Il have very little values and can be neglected.

Figure 4.15 and Figure 4.16 present difference and relative errors of the values
of the stress intensity factor Kl at any crack lengths by comparison the results obtained
from Albrecht et al. (2008) [15] and the FRANC3D. Clearly, the analysis results indicate
that the values of stress intensity factor obtained from both methods are not quite

different with all relative errors below 6 percent.

Figure 4.17 and Figure 4.18 also present the difference and relative errors of
the number of fatigue crack life at any crack lengths by comparison the results
obtained from direct integration by using the correction factor form Albrecht et al.
(2008) [15] and the FRANC3D. The small difference of the number of fatigue crack life

obtained from both methods is shown and all relative errors do not exceed 12 percent.



66

Table 4.3 The results of stress intensity factor and fatigue life obtained from Albrecht (2008) and

FRANC3D

Stress intensity factor, KI (MPa mmAQ.5)

Fatigue life, Nf (cycles)

Crack length
Albrecht et al. Relative Direct Relative
() FRANC3D FRANC3D
(2008) error (%) | Integration error (%)
44.9 3,758 3,900 3.8 0 0 0.0
50 4,006 4,150 3.6 492 500 1.6
55 4,243 4,400 37 935 950 1.6
60 4,474 4,600 2.8 1,342 1,400 4.3
65 4,700 4,850 3.2 1,719 1,800 4.7
70 4,922 5,150 4.6 2,090 2,200 53
75 5,140 5,400 5.1 2,398 2,500 4.3
80 5,354 5,600 4.6 2,707 2,850 53
85 5,565 5,800 4.2 2,997 3,200 6.8
90 5,774 6,000 39 3,271 3,550 8.5
95 5,979 6,300 5.4 3,532 3,900 10.4
100 6,182 6,500 5.1 3,779 4,200 11.1
105 6,382 6,750 5.8 4,014 4,500 12.1
8000
Albrecht et al. (2008)
& 600 I FRANC3D
g
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&
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Figure 4.15 A comparison of the values of the stress intensity factor Kl Albrecht et al. (2008) [15]

The relative error of Kl (%)

8.0

and the FRANC3D.

449 50 55 60 65 70 75 80 85 90 95 100 105
crack length a (mm)

Figure 4.16 A relative error of stress intensity factor Kl for both methods [15].



67

Direct Integration

I FRANC3D
3
[ ﬁ
g N
A
7 H]
449 50 55 60 65 70

crack length a (mm)

E
%
%
%
%
%
%

75

5
=
,4
,4
,4
,4
]
ﬁ

80

I
?
“
¢
¢
¢
¢
"
)

85

90

?
”
ﬁ
ﬁ
ﬁ
ﬁ
ﬁ
ﬁ
ﬁ
%
ﬁ

95

’
&
7
7
7
7
7
7
7
7
’d
g

100 105

Figure 4.17 A comparison of the values of the number of fatigue cycles N using the direct
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Figure 4.18 A relative error of the number of fatigue cycles N; for both methods [15].

For these reasons, the obtained small different results may not significantly

deform results of such analyses in the values of stress intensity factor and fatigue crack

life. Accordingly, the FRANC3D software can work well and give the precise fatigue

crack propagation results for steel structural calculations.



CHAPTER V
EFFECTS OF PARAMETERS ON FATIGUE LIFE OF WELDED TRANSVERSE
STIFFENERS

5.1 Finite element models

The finite element method is one of the most well-known methods used for
solving engineering problems with complicated geometries, boundary conditions, and
material properties. Figure 5.1 shows that the steel beams are modelled as a
combination of top flange plate, bottom flange plate, web plate, and welded
transverse stiffener plates. Fillet welds are neglected. Eight-node solid elements -
ANSYS designation of brick 8 node 185 - are selected. The element is defined by eight
nodes which each node has three degrees of freedom: translations in the nodal x, v,

and z directions. Approximately 105,000 elements are used for the entire model.

Since the most effective method for analyzing discontinuity problem,
especially the problem of fracture, is the extension of finite element method, M-
integral is applied to calculate stress intensity factor by calculating the stress and
displacement field near the crack tip [23]. Furthermore, the fatigue life of steel
structures can be estimated by using fatigue crack growth rate. The crack growth rate
of metal is widely used the Paris law [29], which is the relationship between crack

growth rate and stress intensity factor.

Figure 5.1 Finite element modeling of steel I-beams with welded transverse stiffeners
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5.2 Materials and parameters
5.2.1 Materials

Numerical simulations study on plate of ASTM A36 steel which is a standard
steel alloy and is often used as structural steel. It has excellent welding properties and
is suitable for many general applications. Young's modulus for A36 steel is 200 GPa.,

poisson's ratio is 0.29, and a fracture toughness is 90 ksiv(in.) (3,165 MPav(mm)) [32].
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Figure 5.2 The model of Steel I-beam
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Figure 5.3 Cross section of steel I-beam
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5.2.2 Steel |I-beams with welded transverse stiffeners

A model of the steel I-beam with welded transverse stiffeners is used to predict
fatigue life as shown in Figure 5.2 and Figure 5.3. It has I-sectioned steel plate beam of
6 m length, 300 mm width, 930 mm depth, 20 mm flange thickness, and 16 mm web
thickness with welded transverse stiffeners of 100 mm width and 12 mm thick attached

both sides on the web plate with a web gap of 90 mm.
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5.2.3 Parameters
® |nitial crack sizes

According to the recommendation of FHWA [33], the length of initial crack size
is 0.25 mm (0.01 in) but the analysis of very small crack requires accurate knowledge
of stress concentration factor of notch. Therefore, the initial cracks have semicircular
shape with a/c=1 and their sizes are 1, 2, 4, 8, 12 mm for surface cracks and initial
crack size of two-tip through-thickness shape is 16 mm. The steel beams have I-
sectioned steel plate beam of 6 m length, 300 mm width, 930 mm depth, 20 mm
flange thickness, and 16 mm web thickness with welded transverse stiffeners of 100
mm width and 12 mm thick attached both sides on the web plate with a web gap of
90 mm. The flexural rigidity ratio of this steel beam is equal to 2.66x107.

® Web-gap lengths

The web-gap lengths are equal to 90, 215, and 340 mm, respectively as
presented in Figure 5.4. The steel beams have I-sectioned steel plate beam of 6 m
length, 300 mm width, 930 mm depth, 20 mm flange thickness, and 16 mm web
thickness with welded transverse stiffeners of 100 mm width and 12 mm thick attached
both sides on the web plate. The initial crack size is 1 mm for semicircular shape and
16 mm for the two-tip through-thickness shape. The flexural rigidity ratio of this steel
beam is equal to 2.66x107.

300
300 300
—>| —>| ——>

|
3>
5
>

930 930 930

340

215

l«<—>!
>

Y i J 90 Y o

(a) (b) (0)

Figure 5.4 Cross section of steel |-beams with different wed gap lengths (a) 90 mm (b) 215 mm (c)
340 mm
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® Flexural rigidity ratios

The flexural rigidity ratios are equal to 2.66x107, 4.44x107, 5.92x10°, and
7.39x107, respectively. The steel beams have I-sectioned steel plate beam of 6 m
length, 300 mm width, 930 mm depth, 20 mm flange thickness, and 16 mm web
thickness with welded transverse stiffeners whose dimensions depend on the values
of the flexural rigidity ratios as shown in Figure 5.5. The initial crack size is 1 mm for
semicircular shape and 16 mm for the two-tip through-thickness shape. The web-gap

length is equal to 90 mm.

N/
N/
N/

930 930

930

930 930

(d) I, = 4.44x10” (e) I, = 5.92x10" (f) 1y = 7.39x10”
Figure 5.5 Cross section of steel I-beams with different flexural rigidity ratios (a) 2.66x10°
(b), (), (d) 4.44x10” (e) 5.92x107 and (f) 7.39x10”
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5.2.4 Fatigue loadings

The models are conducted under constant amplitude loading in a four-point
bending condition with stress ratio of 0.1. Fatigue crack growth rate of metal usually
applies the Paris law shown in equation (3.51) [29] . In this study, C and n which are
material constants used to estimate fatigue crack propagation and life are assumed to
be equal to 5x10°® and 1.5, respectively. The fatigue crack increment is recommended

using approximately less than twenty times of total fatigue life.
5.3 The effect of initial crack sizes

The service life of the steel beams can be described by number of cyclic
loadings starting from crack initiation until the stress intensity factor reaching the
fracture toughness. The initial crack sizes might influence fatigue crack life, especially
very small initial crack size. The sizes of initial crack were assigned of 1, 2, 4, 8, 12 mm,

respectively, as a surface crack with semicircular shape (a/c=1) as shown in Figure 5.6.

Figure 5.6 initial crack configuration

Figure 5.7 shows the transitional stage when the fatigue crack propagated until
penetrating through the web plate, the initial crack of phase Il having two-front
through-thickness shape has started of 16 mm. Then, let fatigue crack propagates until
the stress intensity factor reaching their fracture toughness. Eventually, the results of

cycle counting of phase I is compared to phase II.
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I
I
%
A

Figure 5.7 Transition of fatigue crack from phase | (surface crack) to phase Il (two-tip through-
thickness crack)

Figure 5.9 plots the stress intensity factors of the lower crack front of web crack
tip for the steel I-beam with welded transverse stiffeners with web-gap length of 90
mm with different initial crack sizes. The crack length of phase |, semicircular shape,
increases to 16 mm which is the end of web thickness and continuously propagates in
different shape, two-tip through-thickness shape in Phase Il. Moreover, the stress
intensity factors for mode Il and mode Il have very little values and can be neglected.

At the transition state (a=16 mm), the crack shape transforms its shape from
semicircular at surface crack to be two-tip through-thickness. The stress intensity factor
values at this point obtained from both shapes are not equal. Jump discontinuous
values occur because the shape of fatigue crack is changed into the other shape.
Moreover, Figure 5.8 shows the studied point on the crack front.

Because the fatigue life is governed by the fracture toughness of ASTM A36
steel that is equal to 3,165 MPav(mm) [32], the final crack size is equal to 18 mm. The
number of load cycles of phase | having initial crack size of 1 mm is about 8,500 cycles
and phase Il is about 800 cycles read from Figure 5.10 that is plotted the number of
load cycles against the crack sizes. The results of fatigue life influenced by different

initial crack sizes as shown in Table 5.1.
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Figure 5.8 the studied positions of surface crack and through-thickness crack at the

web plate

KI at point B (MPa mm#0.5)
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Figure 5.9 The result of the stress intensity factor depending on the fatigue crack lengths for web-

cracnk length a (mm.)
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Figure 5.10 The result of the fatigue life depending on the number of load cycles for web-gap

length of 90 mm
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Table 5.1 The results of fatigue life influenced by different initial crack sizes.

o Phase Il (two-tip through-thickness Phase | /
Phase | (semicircular shape)
shape) Phase Il
Initial Fatigue life (cycles) Initial Fatigue life (cycles) Crack Eatiote
crack sizes (from initial crack | crack sizes | (from the end of web lengths lifi
(mm.) to the end of web) (mm.) to toughness, af=18) (a0/af)
1 8,500 16 800 0.06 10.63
2 6,700 16 800 0.11 8.38
a4 4,800 16 800 0.22 6.00
8 2,400 16 800 0.44 3.00
12 1,000 16 800 0.67 1.25

12.00

o a0=1 mm
Y 10.00
©

e

o

5 8.00
(%]

8 =

O ¢ 600
0 2

5 &

5 4.00
Q

€

2 2.00
o«

(o]

2 0.00
©

ratio of initial crack length to final crack length( a0/af )

Figure 5.11 Influence of initial crack sizes on fatigue crack life

So, Figure 5.11 shows that the ratio of number of cycles of phase | to phase |l
for web-gap length of 90 mm with initial crack size of 1 mm (ratio of initial crack length
to final crack of 0.06) is equal to 10.63. In addition, the ratio of the number of cycles
of phase | to phase Il for web-gap length of 90 mm with other initial crack sizes of 2,
4,8, and 12 mm (ratio of initial crack length to final crack of 0.11, 0.22, 0.44, and 0.67)
are 8.38, 6.00, 3.00, and 1.25, respectively.
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Therefore, the influence of initial crack sizes on fatigue crack life can be
described that the very small crack will be subjected to very high number of load

cycles in the initial state and severely decreases when the crack size is larger.

5.4 The effect of web-gap lengths

The design guides of AASHTO (2012) recommend the web-gap length using four
to six times as thick as web thickness for the strength of steel beams but do not
consider the effects of fatigue crack to the life span of the steel beams and might
finally cause the fracture of the bridge. The web-gap length of 90, 215, 340 mm. is
studied by starting at initial crack a; = 1 mm as surface crack having semicircular shape.
Then, faticsue crack continuously propagates until reaching their fracture toughness.
Eventually, the results of cycle counting summary phase | and phase Il of all web gaps

are compared.

Table 5.2 The results of fatigue life influenced by different web-gap lengths.

Phase | Phase Il (two-tip
Web-gap | Normalized (semicircular through-thickness Fatigue life
shape, a0=1 mm) shape, a0=16 mm) Normalized
lengths web-gap - - - (Phase | +
Final | Fatigue Final ) ) fatigue life
_ Fatigue life
(mm.) lengths i e ek Phase II)
(cycles)
(mm) | (cycles) (mm)
90° 0.19 16 8,500 18 800 9,300 0.14
215° 0.46 16 16,200 42 4,700 20,900 0.32
340° 0.73 16 33,000 101 32,000 65,000 1.00

®The results show in Figure C.1 and Figure C.2. ° The results show in Figure C.3 and Figure C.4.
“The results show in Figure C.5 and Figure C.6.

Table 5.2 indicates that the results of total fatigue crack life for the web-gap
lengths of 90, 215, 340 mm are equal to 9300, 20900, and 65000 cycles, respectively.
The results that calculated by FRANC3D are plotted as described in APPENDIX C.
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Figure 5.12 Influence of web-gap lengths on fatigue crack life

Figure 5.12 presents that the normalized web-gap lengths of 0.19, 0.46, and
0.73 mm (normalized with H/2= 465 mm) corresponded with the normalized number
of load cycles of 0.14, 0.32, and 1.00, respectively (normalized with 65,000 cycles). An
initial crack with smaller web-gap length has a higher value of stress intensity factor
which shortens the fatigue life. However, the larger web-gap length can provide the

longer life. The effect of web-gap length is nonlinear.
5.5 The effect of transverse stiffener dimensions

The transverse stiffeners must have sufficient rigidity for keeping the cross
section of steel beam in shape in order to ensure the nodal line formation during web
buckling and develop the shear-buckling resistance. The web panel boundary is
assumed that it does not deflect laterally perpendicular to the plane of web when
the steel beam is subject to external loads [5]. So, all transvers stiffeners are required
to have proper rigidity in that direction whereas the effects of fatigue crack are not

taken into consideration.
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Table 5.3 The results of fatigue life influenced by different stiffener dimensions.

Stiffeners Phase | Phase Il (two-tip
gi ) (semicircular through-thickness
Flexural IMENSIOoNS shape, a0=1 shape, a0=16 Fatigue life \ormmatised
rigidity (mm.) mm.) mm.) (Phase | +
. Final | Fatigue | Final Fatigue ‘il i
ratios Thick- s s Phase II)
Width | crack life crack life
ness (mm) | (cycles) | (mm) | (cycles)
32.66x107 12 100 16 8,500 18 800 9,300 1.00
°q.44x107 12 120 16 8,800 17 300 9,100 0.98
4.44x10” 16 108 16 5,700 - - 5,700 0.61
94.44x10° | 20 100 12 3,500 - - 3,500 0.38
°5.92x10° | 16 | 120 | 16 | 5900 | - - 5,900 0.63
7.39x10° | 20 | 120 | 13 | 3,400 | - - 3,400 0.37

“The results show in Figure C.1 and Figure C.2. °The results show in Figure C.9 and Figure C.10.
“The results show in Figure C.15 and Figure C.16. “The results show in Figure C.11 and Figure C.12.
“The results show in Figure C.7 and Figure C.8. The results show in Figure C.13 and Figure C.14.

2.66x10° M 4.44x107 5.92x10%  [EH 7.39x10°

12000
W=100 — y-120
10000 Ni=9.300 " Nf-9,100
= 8000
[ W=120 W=108
S 6000 Ni=5,900 Ni=5,700
L Q W=120 W=100
Z 4000 \ N=3,400 Ne=3,500
0
12 16 20

Stiffener thickness (mm)

Figure 5.13 The fatigue crack life of steel I-beams with different flexural rigidity ratios

The steel beams are studied by starting at initial crack ag = 1 mm as surface
crack having semicircular shape and using web-gap length of 90 mm. Table 5.3 presents
the results of total fatigue crack life for each stiffeners dimensions. The results that

calculated by FRANC3D are plotted as described in APPENDIX C.
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Figure 5.13 indicates that the flexural rigidity ratios do not have an influence
fatigue life of steel I-beams with welded transvers stiffeners. Despite the same of
flexural rigidity ratio, the fatigue lives are different represented as the black bars. On
the other hand, the factor that is investigated having an effect to fatigue life instead of

the flexural rigidity ratio is stiffener thickness (t).
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Figure 5.14 Influence of Stiffener thickness on fatigue crack life

Figure 5.14 presents that the stiffener thickness of 12, 16, and 20 mm
corresponded with the normalized number of load cycles of 0.98, 0.63, and 0.37,
respectively, for stiffener width of 12 mm (normalized with 9300 cycles). For the
stiffener thickness of 12 and 20 mm with the stiffener width of 100 mm are predicted
the normalized number of load cycles of 1.00 and 0.38, respectively. The last width
of 108 mm with the stiffener thickness of 16 mm is predict the life of 0.61.

The results indicate that the thickness of transverse stiffeners has the effect on
fatigue crack life because the stress intensity factor may be more concentrated in the
larger thickness of transverse stiffeners. Therefore, the influence of stiffener thickness
on fatigue crack life can be described that the small thickness provides very high

number of load cycles and severely decreases when the stiffener thickness is larger.



CHAPTER VI
CONCLUSIONS

6.1 Behavior of fatigue crack propagation for steel I-beams with welded

transverse stiffeners under in-plane loading

Long life fatigue numerical simulation is carried out using 6 m long steel
l-beams with welded transverse stiffeners, under constant amplitude loading. The
obtained results clearly show that taking into consideration the different initial crack
sizes and web-gap lengths have the influences on the fatisue durability of steel

structures. The following conclusions are drawn from this study:

1. In the initial state, the propagation of very small crack requires very high
number of load cycles. The defects should be minimized and the welding at the end
of transverse stiffener should be very careful to increase the service life of the steel

beams.

2. An initial crack with smaller web-gap length has a higher value of stress

intensity factor which shortens the fatigue life.

3. The propagation of transverse stiffeners with larger thickness has a tendency
to decrease the fatigue life of steel I-beams, whereas the flexural rigidity ratios do not

affect to the fatigue life.
6.2 Recommendation for welded transverse stiffener details

As the result, steel I-beams with welded transverse stiffeners could be ensured
to have the least defects in the process of fabrication because the sizes of defects
have a strong influence fatigue life on steel structures. Also, the web-gap length is
recommended by AASHTO (2012) [4] to use of four to six times as thick as web
thickness for the strength of steel beams. This research suggests that the web-gap
length could use six times as thick as web in order to increase the life of steel beams
for fatigsue effects. Furthermore, the thickness of transverse stiffeners should use as
small as possible. If the transverse stiffeners can provide sufficient rigidity to steel

beams, the use more thickness does not recommend from this research.



81

Recommendation for future works

This study concentrates on numerical simulation of in-plane fatigue crack
propagation at the web-gap of steel I-beams in steel bridge. According to the limitations
on this study, there are still many works that could be extended from this research, as

follows,

- The shape of crack in all stage is only studied as the growth of semicircular crack. So,
other cracks could be studied, such as, semi-elliptical crack, edge crack, double

semicircular shape, etc.

- The mode of loadings, mode Il, mode Ill, or mixed mode can take into consideration

to study their effects on the welded steel structures.

- Variable amplitude loadings should be applied into account instead of constant

amplitude loading for more accurate results of predicted fatigue life.

- Not only the rectangular shape of welded transverse stiffener can be studied, but

other shapes can also be used in simulation to study their effects to steel structures.

- Residual stresses which arise from the welding could take into consideration in

simulations, especially the welded steel structures.

- Improvement of the welded details on the connection between transverse stiffener

and web plate is a useful method to obtain the more accuracy results.

- Environmental effects, e.g., temperature change, humidity, and corrosion should be

considered to affect the fatigue crack propagation.
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APPENDIX A
A STEP-BY-STEP CRACK PROPAGATION ANALYSIS BY FRANC3D

STEP 1: Finite Element Modeling

Create the finite element modeling as shown in Figure A.1 and define both the
element type and material property by ANSYS. The boundary conditions, such as, point
loads, distributed loads, bending moments, and structure supports are also assigned

to the model. The model is divided into many elements and do volume meshing.

Figure A.1 Finite element modeling of steel I-beams with welded transverse stiffeners by Ansys

STEP 2: Import the File

Import the file to the FRANC3D software as shown in Figure A.2.

x| FRANC3D: Rigidity9.3.cdb (=R E=R

File Edit Cracks Materials Loads Analysis Fatigue Fretting Advanced Help

FRANC3D
Version 6.2
Display
¥ Warkers

¥ Vectors
¥ Polygons

Speed
rotations

ML T

translations

Figure A.2 the model is imported to FRANC3D software
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STEP 3: insert an initial crack

Many types of cracks are able to be inserted into the model as shown in Figure

A3

Flaw Insertion

Figure A.3 Crack types

Define the initial crack size as shown in Figure A.4.

Flaw Insertion

"a<ad

T TEETE

ML

Figure A.4 Define an initial crack size



Define the location and the direction of the initial crack as shown in Figure A.5.
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Figure A.5 The location and direction of the initial crack
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Define the crack-front template (default is less than ten times of crack size) as

shown in Figure A.6.

Crack Front Mesh Template
¥ use crack-front template
Template Radius: [ o1
I Display Full Template
I™ Simple Template Intersections Only
Meshing Paramsters|  Advanced Options|

Flaw Insertion
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I Markers

I¥ Vedlors
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I Text

Speed
rotations.

transiations

Optiens.
IV Axes
™ FB Colors

(reset) (d)

Figure A.6 The crack-front template

Cancel

d Back | Einish
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Figure A.7 shows that the FRANC3D begins the process of inserting the crack
into the solid model by doing the geometric intersections, surface meshing, volume

meshing, and final mesh smoothing. Wait a few minutes for operating.
) FRANC3D: Rigidity9.3.cdb =8 =R

File Edit Cracks Materials Loads Analysis Fatigue Fretting Advanced Help

FRANC3D

Version 6.2
Display
¥ Markers
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LI 1

Options
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(reset) (d)
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‘Surface meshing.

Volume meshing.

Final mesh smoothing

Cancel

Figure A.7 Crack insertion status

FRANC3D automatically remesh when the new crack is inserted as shown in

Figure A.8.
™ FRANC3D: Rigidityd.3.cdb E=5(EsR~| |
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Figure A.8 Mesh model with initial crack
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The obtained initial crack is located at the lower end of transverse stiffeners

beside the weld toe as shown in Figure A.9.
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STEP 4: Static analysis and stress intensity factor

Select the static analysis menu. FRANC3D automatically sends the element
model to ANSYS for performing the static analysis and then sending back to FRANC3D.
Select the method to compute the stress intensity factor for the initial stage in the
panel as shown in Figure A.10 by FRANC3D using the results file obtained from ANSYS.

Figure A.11 shows the obtained results.

Compute SIFs

Stress Intensity Factor Computation Method
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™ Include Thermal Terms
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[ Include Contact Crack Pressure

" Displacement Correlation

¥ Plot Stress Intensity Factors

Cancel | 4| Back | Finish |

Figure A.10 compute the stress intensity factor panel.
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Figure A.11 The result of stress intensity factor



STEP 5: Crack growth analysis
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Select the units, fatisue crack growth type, kink angle, and then input the

material constant of Paris law as shown in Figure A.12.

Growth Parameters
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Figure A.12 Growth parameters panel

Select the crack extension type and input the constant amplitude stress ratio

(R), the number of crack growth steps, and the constant cycles count increments for

each step as shown in Figure A.13.
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Figure A.13 Growth parameters panel (2)
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The crack increment Aa is extended and the element model is automatically
remeshed again for next static analysis. This process is repeated for the chosen number
of crack steps. Finally, the obtained results are the stress intensity for each step, crack

increment for each step, and the number of crack step as presented in Figure A.14.

Crack Fronts

Display
 liaikers
v
¥ Polygons
W Text

Speed
rotations
translations
Options
¥ Axes
™ FiB Colors

| (reset)

a

)
e x

0 m ]
g
WP
@ Bl &

Cancel Accept

J

)

AT
FATOE

VAVAY

AVAVAVAN

FAVAV
HAVAVAVAY

Agh

5
N7
</
¥
4»!1}

<
AV

Ty
5
<]

Figure A.14 Crack fronts result
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Perform the analysis for the two-tip through-thickness crack

The method is repetition of the step 3-5 again but changes the crack

configuration as shown in Figure A.15 and Figure A.16.

STEP 3: insert an initial crack
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SN
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Figure A.16 crack insertion results

STEP 4. Static analysis and stress intensity factor

Select the static analysis menu. FRANC3D automatically sends the element
model to ANSYS for performing the static analysis and then sending back to FRANC3D.
Select the method to compute the stress intensity factor for the initial stage by

FRANC3D using the results file obtained from ANSYS as shown in Figure A.17.

Stress Intensity Factors Ea

Display
¥ Markers
¥ Vedtors KI Stress Intensity Factor

K| ki | km |sntegrall T-sr | Table | Export |

@ Foigans| | [ 1000

IV Text E
S 30000 |
rotations

translations
[ ANLENARRANRIY )

Options
¥ Axes 28000 |
I” FiB Colors

(reset)
‘ 27000 \
E \_l/

. . 2600.0 1 I L ! I I 1 i
55 Sa w7l 0.0000 0200 0400 0.600 0300 1.000

29000 £

KI

L normalized distance along front

Figure A.17 The result of the stress intensity factor



STEP 5: Crack growth analysis

Finally, the obtained results are the stress intensity for each step, crack

increment for each step, and the number of crack step as presented in Figure A.18.
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APPENDIX B
THE COMPARISON OF THE RESULTS OF THE STRESS INTENSITY FACTOR
BETWEEN STEEL I-BEAMS WITH AND WITHOUT WELDED TRANSVERSE
STIFFENERS OBTAINED FROM FRANCE3D

The steel beams have I-sectioned steel plate beam of 6 m length, 300 mm
width, 930 mm depth, 20 mm flange thickness, and 16 mm web thickness with and
without welded transverse stiffeners of 100 mm width and 12 mm thick attached both
sides on the web plate with a web gap of 90 mm. The initial crack size is 1 mm for
semicircular shape and 16 mm for the two-tip through-thickness shape. The flexural

rigidity ratio of the steel beam with welded transverse stiffeners is equal to 2.66x107.
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Figure B.1 The comparison of the results of the stress intensity factor between steel |-beams with
and without transverse stiffeners

Figure B.1 indicates that the results of stress intensity factor of steel |-beams
with welded transverse stiffeners have lower values than steel I-beams without
transverse stiffeners along crack lengths. Because the transverse stiffeners are able to
increase the rigidity of the steel beams, the stress intensity factor of the steel I-beams

with welded transverse stiffeners decreases.
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APPENDIX C

THE RESULTS OF THE STRESS INTENSITY FACTOR AND FATIGUE LIFE

OBTAINED FROM FRANC3D SIMULATIONS

The steel I-beams with welded transverse stiffeners that are simulated with

different parameters are investigated the stress intensity factor and the fatigue life.

® Parameters : Web-gap lengths

web-gap lengths = 90 mm
flexural rigidity ratio = 2.66x10

initial crack size = 1 mm

stiffener thickness = 12 mm, width = 100 mm
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Figure C.1 The result of the stress intensity factor for web-gap length of 90 mm
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Figure C.2 The result of the fatigue life for web-gap length of 90 mm



web-gap lengths = 215 mm

flexural rigidity ratio = 2.66x10°
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Figure C.3 The result of the stress intensity factor for web-gap length of 215 mm
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Figure C.4 The result of the fatigue life for web-gap length of 215 mm



web-gap lengths = 340 mm
flexural rigidity ratio = 2.66x10°
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Figure C.5 The result of the stress
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Figure C.6 The result of the fatigue life for web-gap length of 340 mm
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® Parameters : Flexural rigidity ratios

web-gap lengths = 90 mm initial crack size = 1 mm

flexural rigidity ratio = 5.92x10°  stiffener thickness = 16 mm, width = 120 mm
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Figure C.7 The result of the stress intensity factor for flexural rigidity ratio of 5.92x107 (stiffener
t=16 mm, w=120 mm)
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Figure C.8 The result of the fatigue life for flexural rigidity ratio of 5.92x107 (stiffener t=16 mm,
w=120 mm)
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web-gap lengths = 90 mm initial crack size = 1 mm

flexural rigidity ratio = 4.44x10°  stiffener thickness = 12 mm, width = 120 mm
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Figure C.9 The result of the stress intensity factor for flexural rigidity ratio of 4.44x107 (stiffener
t=12 mm, w=120 mm)

~ o
€ 8 1 *
£ 1
© 60 - ‘i
5 %
*
c |
g R
¥ {&’
© 20 o
S
v ¢ -
I hatd
O ‘m’ \’ ’ T ‘“ T T T T T 1
0 2000 4000 6000 8000 10000 12000 14000 16000
Nf (cycles)

Figure C.10 The result of the fatigue life for flexural rigidity ratio of 4.44x10° (stiffener t=12 mm,
w=120 mm)
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web-gap lengths = 90 mm initial crack size = 1 mm

flexural rigidity ratio = 4.44x10°  stiffener thickness = 20 mm, width = 100 mm
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Figure C.11 The result of the stress intensity factor for flexural rigidity ratio of 4.44x10-3 (stiffener
t=20 mm, w=100 mm)
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Figure C.12 The result of the fatigue life for flexural rigidity ratio of 4.44x10° (stiffener t=20 mm,
w=100 mm)
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web-gap lengths = 90 mm initial crack size = 1 mm

flexural rigidity ratio = 7.39x10> stiffener thickness = 20 mm, width = 120 mm
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Figure C.13 The result of the stress intensity factor for flexural rigidity ratio of 7.39x10°~ (stiffener
t=20 mm, w=120 mm)
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Figure C.14 The result of the fatigue life for flexural rigidity ratio of 7.39x10° (stiffener t=20 mm,

w=120 mm)



web-gap lengths = 90 mm
flexural rigidity ratio = 4.44x107

initial crack size = 1 mm
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stiffener thickness = 16 mm, width = 108 mm

Figure C.15 The result of the stress intensity factor for flexural rigidity ratio of 4.44x10” (stiffener

t=16 mm, w=108 mm)
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Figure C.16 The result of the fatigue life for flexural rigidity ratio of 4.44x10° (stiffener t=16 mm,

w=108 mm)
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