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EXECUTIVE SUMMARY
Distortion-induced fatigue damage is a common problem in steel girder bridges built prior to the
mid-1980s.The University of Kansas has studied and developed several retrofit techniques with
an aim to determine the efficacy of different retrofit measures to mitigate the effects of
distortion-induced fatigue and stop fatigue crack growth or slow the rate of crack propagation.
One simple and commonly-used retrofit technique is the practice of drilling crack-arrest holes at
the tips of cracks to smooth out the sharp crack tip, reducing the stress concentration and halting
fatigue crack propagation. The practice of hole-drilling has existed for decades, but its
application to distortion-induced fatigue cracking has not been adequately studied. Another
technique discussed in this thesis, called the angles-with-plate retrofit, requires two angles
providing attachment between the connection plate and girder web with a plate placed on the
other side of the web to distribute out-of-plane forces. An appealing aspect of the angles-withplate retrofit is the minimal traffic disruption required during retrofit application.

Girder

subassemblies were chosen for study to evaluate for the effectiveness of various retrofits using
both analytical approach and experimental testing.
This dissertation is divided into five parts and appendices. The first part is the
introduction for the dissertation. The second part is analytical and experimental investigations of
repairing fatigue damage in steel plate with adhesively bonded carbon fiber reinforced polymer
(CFRP) overlays under tension loading. Parts 3 and 4 are analytical and experimental
investigations of evaluating the uses of crack-arrest holes and angles-with-plate retrofit to
effectively repair distortion-induced fatigue cracking on 3-m (9-ft) steel girder specimens under
fatigue loading. Part 5 is the recommendations and synthesis. Part 2, Part 3 and Part 4 within the
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document contain particular formatting associated with published or expected publishing
requirements.

Part 1: Introduction
Part 2: Use of CFRP Overlays to Repair Fatigue Damage in Steel Plates under Tension
Loading
Part 3: Effectiveness of Crack-Arrest Holes under Distortion-Induced Fatigue Loading
Part 4: Evaluation of Three Computational Techniques for Quantifying DistortionInduced Fatigue Crack Propensity Using Finite Element Analysis
Part 5: Recommendations and Synthesis

Part 2 was published in the Journal of Composites for Construction, American Society of
Civil Engineers (ASCE), 2014.18. Part 3 was presented at the ASCE 2014 Structures Congress
in April 2014 in Boston, Massachusetts. This research has been accepted for presentation and
potential proceedings publication for the 16th European Bridge Conference in June 2015 in
Edinburgh, United Kingdom. Part4is intended for future publication.
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INTRODUCTION
This dissertation is divided into five parts and appendices, and presents investigations into three
different techniques for repairing fatigue cracking in steel bridges. The techniques presented and
discussed in this dissertation include adhesively bonded carbon fiber reinforced polymer (CFRP)
overlays, crack-arrest holes, and a technique developed at the University of Kansas, termed the
“angles-with-plate” retrofit. The repair approaches discussed are different from one another in
terms of where in a bridge structure they might be applied, level of constructability, costeffectiveness, and effectiveness in repairing different modes of fatigue. Additionally, the retrofit
techniques described are at varying levels of field-readiness.
Part 2of this dissertation presents an investigation into the effectiveness of repairing
fatigue damage in steel plate with adhesively bonded carbon fiber reinforced polymer (CFRP)
overlays. The CFRP overlays investigated in this portion of the study were developed through
analytical and experimental approaches with the aim to repair fatigue cracks propagating under
in-plane tensile forces.

Of the three retrofit techniques described in this dissertation, this

technique is the least field-ready, but presents a framework for parameters which drive the
effectiveness of such a retrofit, setting the stage for future work to be performed in which the
general framework is extended into applications for various other detail geometries where inplane fatigue is a concern.
Part 3 of this dissertation describes an investigation that examines the effectiveness of
crack-arrest holes of varying diameters, placement, and crack length in a steel girder web
subjected to distortion-induced fatigue. Distortion-induced fatigue cracking is much more
common in steel bridge infrastructure than in-plane fatigue cracking, and bridge owners often
utilize drilled crack-arrest holes in these cases as a “first response” against fatigue cracks
-2-

discovered during inspections. The purpose of a crack-arrest hole is to smooth out the sharp
crack tip, reducing the stress concentration and halting/delaying crack propagation. Common
knowledge has been that large diameter crack-arrest holes are more effective at halting crack
propagation under distortion-induced fatigue than small diameter crack-arrest holes. However,
drilling large diameter crack-arrest holes can have strength implications for a structure, and may
not be desirable; additionally, there is little evidence in the literature that large diameter crackarrest holes perform better than small diameter crack-arrest holes under distortion-induced
fatigue. In relation to the other two retrofit techniques described in Parts 2 and 4, crack-arrest
holes are “old technology,” and are ubiquitous in application, meaning crack-arrest holes are
commonly-applied to a multitude of steel bridges, and used in nearly any cracked detail in which
they can be physically drilled.

The present study is original in its consideration of their

performance under the action of distortion-induced fatigue, which is a subject that has not been
rigorously treated in the past.
Part 4 of this dissertation describes an evaluation of three analysis techniques for
determining the effectiveness of an “angles-with-plate” retrofit for repairing distortion-induced
fatigue. The three analysis techniques studied include: Hot Spot Stress analysis, J-integrals, and
Stress Intensity Factors. The angles-with-plate retrofit was recently developed at the University
of Kansas for repairing web-gap regions of steel bridge girders that are susceptible to distortioninduced fatigue cracking. This retrofit ranks highly in terms of field-readiness and was developed
with constructability as a primary consideration. This study provides new information to the
body of knowledge in that it provides guidance to researchers regarding the appropriateness of
the three analysis techniques for evaluating distortion-induced fatigue susceptibility. In this
regard, the main goal of this investigation was not to conclude the effectiveness of the angles-3-

with-plate retrofit, but to conclude the best analysis methods for evaluating effectiveness.
Therefore, examining variations of the angles-with-plate retrofit provided a means with which to
compare computational results across a suite of models. These results were considered in the
context of a series of physical tests performed under separate investigation.
Finally, the discussion in Part 5 of this dissertation presents synthesis of the various parts
of this work.
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USE OF CFRP OVERLAYS TO REPAIR FATIGUE DAMAGE IN STEEL PLATES
UNDER TENSION LOADING
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ABSTRACT
Fiber reinforced polymer (FRP) overlays have been successfully used in the aerospace industry
to repair fatigue damage in aluminum plates. With this success there is potential for use of
similar FRP overlays to repair fatigue damage in aging steel bridge structures. This study
investigated the effectiveness of repairing fatigue damage in steel plate with adhesively bonded
carbon fiber reinforced polymer (CFRP) overlays. A total of 15 steel plate specimens with preexisting fatigue cracks were repaired with varying thicknesses of CFRP overlays to evaluate the
effect of the ratio of axial stiffness of the composite to that of the underlying steel, SR, on
increased fatigue life and decreased applied stress. The results showed that increasing the axial
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stiffness ratio from 0 to 0.4 could increase the fatigue life by a factor of 10 for the most extreme
conditions, and with an optimal axial stiffness ratio infinite fatigue life may be reached. Fatigue
life of the steel specimens in this study was found to be dependent on both axial stiffness and
applied stress range. Results from finite element analyses validated the use of axial stiffness as a
design parameter and correlated to the experimental results discussed.

INTRODUCTION
A significant number of aging steel bridge structures experience structural problems due to
fatigue cracks.

One repair technique that has been used by the Kansas Department of

Transportation (KDOT) in cases where fatigue cracks have propagated significantly into girder
webs is to retrofit the web with a full-depth bolted steel splice at the location of cracking. The
intent of the splice is to provide an alternate load path around the damaged web, and it is
designed for the full shear demand at that web location. Attaching full-depth splice plates to the
damaged web does reduce the stress in the fatigue sensitive area (Roddis and Zhao 2001),
however, this is an expensive repair and there is potential that with a full-depth steel splice plate
covering the damaged region of a girder any additional crack propagation may be hidden from
view and go unnoticed.
A more localized repair utilizing carbon fiber reinforced polymer (CFRP) materials could
result in a more cost-effective and inspectable repair. One potential embodiment of this type of
repair is a pair of CFRP overlay elements, one bonded to each face of the steel web over the
crack with an epoxy resin layer. The CFRP overlays would not need to extend the full-depth of
the web; instead, they could “patch” the region over the crack. However, before the potential of
any such specific repair geometry can be effectively investigated, fundamental questions must be
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answered concerning the effectiveness of CFRP overlays in extending the fatigue life of steel
plate loaded in tension with a pre-existing fatigue crack. The aim of the research described in
this article is to provide fundamental information concerning basic proportions (thicknesses) of
CFRP overlays relative to the steel to which they are bonded to effectively slow or halt fatigue
crack propagation in the steel under various stress demands. The effect of bond thickness and
modulus of elasticity of CFRP on the reduction in stress at critical locations was also evaluated.

BACKGROUND
A significant amount of research on the use of composite materials has been carried out in the
field of aerospace engineering to address fatigue problems in the fuselages of airplanes (Mall and
Conley 2009; Umamaheswar and Singh 1999; Schubbe and Mall 1999; Naboulsi and Mall 1996;
Lee and Lee 2004; Liu, Xiao, et al. 2009). The most recent research performed on this topic in
the aerospace field has focused on the use of fiber reinforced polymer (FRP) patches to repair
fatigue damage in aluminum plates. These studies have shown that FRP plates can reduce
stresses in a vulnerable detail significantly if properly proportioned and bonded to the substrate.
An experimental study by Mall and Conley (2009) reported that bonding a boron fiber reinforced
polymer overlay to only one side of an aluminum specimen increased the fatigue crack
propagation life between four and 10 times with respect to the propagation life of an untreated
specimen. Wang et al. (2002) also found an increase in fatigue crack propagation life on the
order of 10 times in aluminum plates repaired with FRP patches.
In the aerospace field a commonly used parameter for proportioning composite patches
for the purpose of repairing fatigue damage is the stiffness ratio:
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SR = ECFRPtCFRP/ Ests

(1)

where SR is the stiffness ratio defined as the ratio of axial stiffness of the composite to
that of the underlying steel, ECFRP is the modulus of elasticity of the CFRP, tCFRP is the thickness
of the CFRP patch, Es is the modulus of the steel, and ts is the thickness of the steel plate. The
SR parameter is used to determine thickness of FRP needed to repair fatigue-damaged steel
plates by assuming that the driving force is redistributed in proportion to the relative axial
stiffness of the two materials.

For aerospace structures the recommended stiffness ratio is 1.0

(Schubbe et al. 2009). Schubbe et al. (1999) performed experimental tests on aluminum plates
repaired with a bonded composite patch and found that as the stiffness ratio increased, so did the
fatigue life of both thin and thick plates. Stiffness ratios of 1.0 and 1.3 were evaluated in that
study.
Although the use of CFRP overlays is not widely implemented in steel structures yet,
several studies have investigated their use to repair fatigue-related damage. Tavakkolizadeh and
Saadatmanesh (2003) studied the effectiveness of unidirectional CFRP sheets to improve the
fatigue strength of S127x4.5 steel girders with pre-existing notch cracks. The authors reported
that the fatigue-crack propagation life of the specimens with CFRP sheets was extended by a
factor of approximately three compared with that of control specimens. Liu, Al-Mahaidi, et al.
(2009) studied the tensile fatigue behavior of notched steel plates strengthened with single-ply
CFRP patches. Results showed that single-sided repair extended the fatigue-crack propagation
life of the specimen by a factor ranging between 2.2 and 2.7, whereas a double sided repair
extended the fatigue-crack propagation life by a factor ranging between 4.7 and 7.9. Roy et al.
(2009) performed a study using the same type of materials and procedure used by Liu et al.
-9-

(2009), and showed similar increases in fatigue-crack propagation life of steel plates repaired
with single-sided CFRP patches as seen in Liu, Al-Mahaidi, et al. (2009). Bocciarelli et al.
(2009) studied the use of double-sided CFRP overlays on uncracked steel plates under fatigue
loading and found that failure was precipitated by debonding of the overlays. They also found
that the fatigue performance of steel plates reinforced with CFRP plates was comparable to that
of steel specimens with welded steel plates.
Kaan et al. (2012) studied the behavior of uncracked plate-coverplate connections
repaired with CFRP overlays. Results showed that specimen behavior, according to the
AASHTO design specifications, could be improved from a fatigue design Category E’ detail to
fatigue design Category B’ or B detail. In this study, increased fatigue crack initiation life was a
direct result of maintaining adequate bond.
Analytical modeling of CFRP repairs using the Finite Element (FE) method is also an
important technique when developing efficient retrofit schemes for steel structures. Researchers
(Liu, Xiao, et al. 2009; Lee and Lee 2004) have shown good agreement between the change in
stress demand estimated using FE models and experimentally observed changes in fatigue-crack
propagation life. In FE models that include a layer of resin between the CFRP overlay and the
underlying metal, the potential for debonding can be assessed by comparing the stress demand in
the resin with a limiting value. This approach was also adopted in the FE simulations conducted
in this study.

OBJECTIVE AND SCOPE
The overall objective of the research described in this paper was to determine the effectiveness
of CFRP overlays to repair existing fatigue damage in steel plate tested under cyclic tensile load.
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The scope of study included both physical and computersimulations. First, fifteen steel plate
specimens were repaired with CFRP overlays of various thicknesses to evaluate the effect of the
axial stiffness ratio, SR, on fatigue crack propagation life and effective stress range. Second,
relationships between the stiffness of the CFRP overlays and steel substrate were identified such
that future CFRP repair techniques can be proportioned to effectively slow or halt fatigue crack
propagation in the steel substrate. Third, the effect of bond layer thickness and CFRP overlay
thickness on the reduction in Hot Spot Stress (HSS) was evaluated using FE models. In this
paper, HSS was defined as the stress at a distance half the thickness of the steel plate away from
the point of peak stress, which occurred at the edge of the hole (Marquis and Kaehoenen 1995).
HSS was used as an indicator of stress range, and consequently, as a measure of the effectiveness
of various composite overlay configurations. This technique has been used in other companion
studies aimed at examining fatigue performance and behavior of steel bridges (Hassel 2011;
Kaan et al. 2012; Hartman et al 2010). Finally, the effect of overlay stiffness on fatigue
performance determined using the FE method was compared with observations from
experimental results. FE simulations and experimental testing were performed on using
specimens with the configuration shown in Fig 1.
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760 mm (30 in.)
150 mm (6 in.)

460 mm (18 in.)
32 mm (1 1/4 in.)
51 mm (2 in.)

3.2 mm (1/8 in.) Dia
Gr. A36 steel, 3.2 mm (1/8 in.) th.
R 750 mm (9 ft. 3/16 in.)
CFRP overlay, thickness varies

Figure 1: Tension specimen dimensions (3.2-mm 1/8-in. thick specimen)

FINITE ELEMENT SIMULATIONS
There are several parameters that can affect the performance of CFRP overlays as a fatigue
repair technique for steel plates. A parametric study was carried out to investigate changes in the
stress demand in specimens repaired with varying ECFRP and tCFRP. The effects of bond layer
properties on peel and shear stress demands were also evaluated.

MODELING METHODOLOGY
Finite element simulations of the specimens tested during the experimental program (Fig. 1)
were carried out using the commercially-available finite element analysis software ABAQUS
version 6.8.2 (Simulia 2009). The models consisted of the steel specimen with a modulus of
elasticity of 200 GPa (29,000 ksi), overlaid with 6-mm (1/4-in.) thick, 458-mm (18-in.) long
CFRP plates with a modulus of elasticity of 83 GPa (12,000 ksi). The CFRP overlays were
attached to each side of the specimen with a 0.6-mm (25-mil) thick resin interface having a
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modulus of elasticity of 2 GPa (300 ksi). The study was performed by changing a single
parameter while maintaining the remaining parameters constant.
FE models were developed using linear-elastic materials, and meshes were assembled
using 8-node brick elements. The mesh configuration for the steel specimen part is shown in Fig.
2 (a). The mesh was configured using several regions with greater mesh density near the circular
opening. The mesh configuration near the opening, presented in Figs. 2 (b) and 2(c), consisted of
two concentric circular regions, which allowed gradually increasing element size away from the
circular opening. Boundaries between the different regions of the mesh are illustrated in Fig. 2
(b).A convergence study was carried out and the results are illustrated in Fig. 2 (d). Because the
maximum principal HSS near the circular opening was found to be insensitive to mesh size for
the range of mesh densities explored, a mesh with a minimum element size of 0.25 mm (0.01
in.), shown in Fig. 2(b), was used in the study.

(a)
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(c)
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Figure 2: (a) Finite element model mesh (b) mesh in the vicinity of the circular opening for an element size at
the opening of 0.25 mm (0.01 in.) (c) mesh in the vicinity of the circular opening for an element size at the
opening of 0.13 mm (0.005 in.) (d) effect of element size at the circular opening on maximum principal HSS.

Interfaces between the steel, resin, and CFRP parts of the model were defined using tie
constraints. Motion was restrained at one end of the model while the other end was free to move
only in the vertical direction. Two 10.5-kN (2.35-kip) loads were applied in the vertical direction
at the unrestrained end, one on each face of the model, simulating as closely as possible the
manner in which the text fixture transferred the load from the testing machine. This load
corresponded to a nominal testing stress range of 221 MPa (32 ksi), based on the steel net section
area.
It is recognized that there are studies in which FE simulations of composite repairs have
been performed using nonlinear constitutive relationships. Given the objective and scope of this
study, a simpler modeling approach was adopted with the goal of limiting the effect of modeling
assumptions on the computational results and because the consistency between the experimental
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findings and simulation results did not warrant increasing the complexity of the computer
simulations.
Comparisons of vulnerability to fatigue damage were performed on the basis of the
maximum principal Hot Spot Stress (HSS) as defined in the Objective and Scope section of this
paper.

EFFECT OF THE MODULUS OF ELASTICITY OF THE CFRP
Six models were developed to investigate the effect of the modulus of elasticity of the CFRP,
ECFRP, on stress imposed on the steel specimen. ECFRP was varied between 27 GPa (3,860 ksi)
and 138 GPa (20,000 ksi) in increments of 28 GPa (4,000 ksi). The effect of ECFRP on HSS in the
steel specimen is shown in Table 1. The relationship was found to be parabolic in nature and
inversely proportional, indicating that there was a significant advantage associated with using an
overlay, even if ECFRP was relatively low. As Table 1 shows, HSS dropped by 58% with the
introduction of an overlay with a very low modulus (26,600 MPa [3,860 ksi]) when compared
with the unreinforced case. This data also shows that increasing ECFRP resulted in diminishing
returns, which is important to consider when determining optimal configuration of the overlay.
Increasing ECFRP by a factor of five, from 26,000 MPa (3,860 ksi) to 138,000 MPa (20,000 ksi),
led to a reduction in HSS by a factor of approximately three. If infinite fatigue or propagation
life can be achieved with a relatively inexpensive overlay, there is no economic incentive for
using stiffer, and often much more expensive, fibers.
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Table 1: (a) HSS vs. modulus of elasticity of the CFRP overlay (ECFRP); (b) HSS vs. thickness of the CFRP
overlays (tCFRP)

ECFRP
MPa (ksi)
HSS
MPa (ksi)

0 (0)

26,600 (3,860)

55,200 (8,000)

82,737 (12,000)

110,300 (16,000)

137,900 (20,000)

249 (36)

105 (15)

67 (9.7 )

49 (7.2)

39 (5.7)

32 (4.7)

(a)
tCFRP
mm (in.)
HSS
MPa (ksi)

0 (0)

1.6 (1/16)

2.4 (3/32)

3.2 (1/8)

6.4 (1/4)

12.7 (1/2)

249 (36)

126 (18)

99 (14)

85 (12.3)

51 (7.4)

28 (4.1)

(b)

EFFECT OF THE THICKNESS OF THE CFRP OVERLAY
The effect of the CFRP overlay thickness, tCFRP, on HSS was evaluated by varying the CFRP
overlay thickness on each side of the steel plate using values of 1.6, 2.4, 3.2, 6.4, and 12.7 mm
(1/16, 3/32, 1/8, 1/4, and 1/2 in.). Results for these variations are presented in Table 1. The
relationship between tCFRP and maximum principal HSS was found to be inversely proportional
and parabolic. The addition of the thinnest CFRP tested, 1.6 mm (1/16 in.) decreased the
maximum principal HSS by a factor of two when compared to an unreinforced specimen.
Similar to the relationship when ECFRP was varied, increasing tCFRP exhibited diminishing returns.

RATIO OF OVERLAY AXIAL STIFFNESS TO STEEL AXIAL STIFFNESS
As discussed in the Introduction Section, one of the design parameters referenced in the literature
for proportioning FRP patches is the ratio of axial stiffness of the composite patch to the axial
stiffness of the underlying plate (Eq. 1). As Eq. 1 shows, this ratio may be modified by changing
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the modulus of elasticity of the FRP, thickness of the FRP, or both. The results presented in
Table 1 were used to derive two curves showing the effect of the stiffness ratio SR on the
maximum principal HSS in the steel substrate (Fig. 2).

For each curve, one of the two

parameters (ECFRP or tCFRP) was varied while maintaining the other constant.

All other

parameters were equivalent to that of the base model.
The results presented in Fig. 3 show that changing SR by changing ECFRP had similar
results than changing SR by altering tCFRP. There was a common trend, in that sequential
increments in ECFRP and tCFRP resulted in similar reductions of HSS. Therefore, how the axial
stiffness parameter was changed did not significantly affect the magnitude of the stress
reduction.
40
Unreinforced Specimen Model
35

200

30

Varying Overlay Thickness

25

Varying CFRP Modulus of Elasticity

150

20

(ksi)

Max Principal HSS (MPa)

250

15

100

10
50
5
0

0
0

1

1

2

2

3

3

4

Stiffness Ratio of CFRP/Steel, SR
Figure 3: Effect of stiffness ratio on maximum principal Hot Spot Stress in the steel
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The parameter that did have a significant effect on the HSS demand was the SR. Using an
SR of approximately 0.41 decreased the maximum principal HSS by a factor of two, when
compared with the stress demand in an unreinforced specimen. Increasing the SR of the overlay
by a factor of 8 to approximately 3.3 had a much smaller effect, decreasing the maximum
principal HSS by a factor of 5. The results in Fig. 3 confirm that the effect of the stiffness ratio
on HSS decreased with increasing in stiffness ratio, and that the reduction in HSS had dropped
significantly at an SR of 1.0.For these specimens, modeled with a 221 MPa (32 ksi) testing stress
range, it is the opinion of the authors increasing SR of the overlay beyond 1.0 has limited
benefits.

EFFECT OF THICKNESS OF BOND LAYER
One of the parameters often neglected in FE simulations of retrofit measures with composite
overlays is the flexibility inherent to the adhesive resin used to bond the overlay to the metal
substrate. It has often been assumed that the thickness of such a layer is very small, and that
there is perfect bond between the composite and the substrate (Sabelkin et al. 2006; Liu, Xiao, et
al. 2009; Mall and Conley 2009). Explicit modeling of this layer provides an indication of the
average shear demand on the resin and the tensile demand on the resin-steel interface, which can
be used to gage the potential for debonding. Because the shear and tensile demands on the resin
are affected by the thickness of the resin layer, this is an important parameter to consider in terms
of fatigue and fatigue crack propagation life.
Five different models were developed to investigate the effect of the thickness of the
interface bond layer, tresin, between the CFRP overlay and the steel substrate. The interface layer
thickness was varied from 0.6 mm (20 mils) to 5 mm (200 mils). Results discussed by Alemdar
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(2011) found that the maximum principal HSS was not significantly affected by tresin. However,
another important design consideration is the effect of tresin on the stress demand at the resin layer
itself. This is important because maintaining bond between the composite and the steel is critical
to the successful performance of the retrofit scheme, and higher stress demands increase the
probability of fatigue failure at the interface. Fig. 4 shows the stress demand along the resin
layer for a model with tresin = 0.6 mm (20 mil). A closed-form solution for a plate with constant
width and without a circular hole presented by Bocciarelli et al. (2009) is also included for
reference. Fig. 4shows that as expected based from the closed-form solution, the shear and peel
stresses (out-of-plane stress) were relatively low along most of the interface. Stress demands
were greatest at ends of the interface, which is the location considered to be the most susceptible
to failure.
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Figure 4: Peak stresses along CFRP overlay on resin layer end of hole
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Peak stresses (MPa)
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Figure5 presents the variation of peak shear and peel stresses as a function of the tresin.
Also in Fig. 5 is the closed-form solution presented by Bocciarelli. The results show that
increasing tresin from 0.6 mm (20 mil) to 5.0 mm (200 mil) caused a reduction in peak shear
demand by approximately 66%. Figure5 also shows that the same increase in tresin led to a
reduction in peak peel stresses by approximately 50%. The trend observed for the peel stress
was different from that observed for the shear stress in that the peel stress demand was relatively
insensitive to tresin for thicknesses less than 2.5 mm (100 mil), with a significant reduction in
stress for tresin greater than that. These data show that although the thickness of the interface layer
may not be relevant to fatigue-crack propagation life due to the negligible effect on the stress
range, it is a very important parameter in terms of the bond performance of the interface layer
under cyclic loading.
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Figure 5: Peak stresses demand on CFRP layer as a function of resin layer thickness
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EXPERIMENTAL PROGRAM
The primary goal of the experimental program was to evaluate the effect of stiffness ratio on
fatigue crack propagation life of steel specimens with pre-existing fatigue cracks repaired using
CFRP overlays. Fatigue cracks were propagated on each side of the drilled and reamed hole at
the center of the specimen, shown in Fig.1, until either of the cracks reached a length of
approximately 7 mm (0.3 in.). After the initial crack length of 7 mm (0.3 in.) was reached, each
specimen was repaired using CFRP overlays. Fifteen specimens were tested, shown in Table 2.

Table 2: Specimen test matrix and results
Specimen

Specimen

Designation

Thickness mm (in.)

F15

3 (1/8)

F3

1

3 ( /8)

F6

1

3 ( /8)

Pick12

3 (1/8)

Pick11

1

3 ( /8)

F14

1

3 ( /8)

F2

3 (1/8)

Pick10

1

3 ( /8)

Pick13

1

3 ( /8)

Pick7

1

3 ( /8)

F27

1

3 ( /8)

F4-25

1

6 ( /4)

F4-21

6 (1/4)

F4-23

1

6 ( /4)

F4-20

1

6 ( /4)

CFRP Overlay
Thickness mm
(in.)
1.6 (1/16)

Stress Range
MPa (ksi)

Fatigue Crack
Propagation
Life

263 (38)

18,900

1

221 (32)

60,000

1

1.6 ( /16)

166 (24)

340,700

2.4 (3/32)

1.6 ( /16)

221 (32)

271,100

1

263 (38)

95,100

1

3.2 ( /8)

221 (32)

313,050

3.2 (1/8)

3.2 ( /8)

166 (24)

1,450,095

1

263 (38)

282,550

1

221 (32)

Run-Out

1

166 (24)

Run-Out

221 (32)

Run-Out

1.6 ( /16)

221 (32)

15,600

3.2 (1/8)

221 (32)

160,150

221 (32)

571,650

221 (32)

Run-Out

6.4 ( /4)
6.4 ( /4)
6.4 ( /4)
1

12.8 ( /2)
1

1

6.4 ( /4)
1

12.8 ( /2)

Of the four parameters in Eq. 1 that could have been varied to alter the stiffness ratio, two
were varied in this study: tCFRP and the thickness of the steel plate, ts. Testing was conducted at
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stress ranges of 166 MPa (24 ksi), 221 MPa (32 ksi) and 263 MPa (38 ksi), to evaluate effect of
SRat various stress ranges.
Measured material properties are presented in Table 3. Coupon tests (ASTM 2000) from
single-layered specimens showed that ECFRP was approximately 83 GPa (12,000 ksi). Liu et al.
(2009) observed in their experiments that after the second layer of CFRP the strain demand
quickly dropped; therefore, ECFRP used for the computer simulations was selected to be between
measured values for one and three layers. The modulus of elasticity of the 9412 Hysol® resin,
Eresin, was also measured using coupon tests (Table 3) performed as prescribed by ASTM (2000).
The measured Eresinwas 2.1 GPa (300 ksi).
Table 3: Measured material properties for CFRP and Hysol resin

Continuous CFRP
No. of Layers

No. of Coupons

Avg. Modulus of Elasticity

Std. Dev.

GPa (ksi)

GPa (ksi)

in Coupon
1

3

85.8 (12,440)

10.0 (1,450)

3

4

75.3 (10,930)

10.9 (1,580)

5

3

61.7 (8,940)

0.3 (42.0)

9412 Hysol Resin
Coupon Thickness

No. of Coupons

Avg. Modulus of Elasticity

Std. Dev.

GPa (ksi)

GPa (ksi)

2.1 (303)

0.2 (25)

mm (in.)
6 (1/4)

6

STEEL SPECIMEN DIMENSIONS
The specimens were fabricated using grade A36 steel and were either 3-mm (1/8-in.) or 6-mm
(1/4-in.) thick. For specimens with a thickness of 3 mm (1/8 in.), the measured average yield
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strength was 319 MPa (46 ksi), and the measured tensile strength was 381 MPa (55 ksi). For
specimens with a thickness of 6 mm (1/4 in.), the measured average yield strength was 335 MPa
(48 ksi), and the measured tensile strength was 495 MPa (72 ksi) (Crain 2010).
Specimen dimensions for 3-mm (1/8-in.) thick specimens are shown in Fig. 1. There were
three dimensions changed for 6-mm (1/4-in.) thick specimens with respect to those shown in Fig.
1. First, the width at each end was 63.5 mm (2.5 in.) instead of 60.8 mm (2.0 in.). Second, the
width at the reduced net section was 44.5 mm (1.75 in.) instead of 31.8 mm (1.25 in.). Third, the
diameter of the drilled and reamed hole at the specimen center was equal to the thickness of the
specimen, 6mm (1/4 in.).

FABRICATION AND ATTACHMENT OF THE MULTI-LAYERED CFRP OVERLAYS
The multi-layered CFRP overlays were pre-fabricated and subsequently attached to the steel
specimens. Step-by-step instructions, photographs and diagrams illustrating the fabrication
process are presented by Alemdar (2011) and Gangel (2012). Each CFRP overlay consisted of
multiple layers of bidirectional pre-impregnated carbon fiber plies.

Scotch-Weld Epoxy

adhesive (1838 B/A Green) was used between certain layers to ensure that there was a sufficient
amount of resin to prevent voids from occurring during the curing process. Table 4 summarizes
the number of carbon fiber plies and Scotch Weld Epoxy adhesive layers used in each CFRP
overlay.
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Table 4: Fabrication of multi-layered CFRP overlays
Overlay Thickness

Single Carbon

Scotch Weld Epoxy

Placement of

mm (in.)

Fiber Plies

adhesive

Adhesive

1.6 ( /16)

2

1

After 1st ply

2.4 (3/32)

3

1

After 2rd ply

3.2 (1/8)

4

2

After 2rd ply

6.4 (1/4)

8

3

After 3rd and 5th ply

12.8 (1/2)

16

4

After 4th, 8th, and 12th ply

1

The overlays were fabricated using a mold consisting of aluminum plates placed
between bolted steel plates. Pre-impregnated carbon fiber plies were cut to dimensions of
approximately 457 x 152 mm (18 x 6 in.), which was double the size of the overlays. CFRP
sheets were placed on the bottom steel plate of the mold, and were added one layer at a time. A
single sheet of Scotch-Weld Epoxy adhesive (1838 B/A Green) resin with the same dimensions
was added, following the schedule presented in Table 4. The overlay was surrounded by an
aluminum spacer with a thickness equal to that of the desired overlay thickness. The top steel
plate of the mold was then placed on top of the CFRP stack, and pressure was applied by
tightening the bolts around the perimeter of the mold to reach the target thickness. Then, the
overlay was placed in a curing oven preheated to a temperature of 175 C (347 F). Overlays were
cured inside the mold for three hours, and subsequently allowed to cure at room temperature for
48 hours. After the curing process was completed, the CFRP overlays were taken out of the
metal molds and cut to final dimensions of 457 x 64 mm (18 x 2.5 in.) using a diamond saw.
Sand paper (grade 400) was used to smooth the edges of the CFRP overlays.
To develop adequate bond, the steel surface was prepared by a process of abrading and
cleaning. Abrading consisted of roughening of the surface with a hand grinder to achieve a
surface roughness of approximately 0.8 mm (30 mils). After abrading, cleaning of the surface
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was performed using acetone and methanol. Overlays were attached to the steel specimens using
Hysol® 9412 epoxy resin, which has a nominal shear strength of 28 MPa (4 ksi) (Hysol® 2001).
The thickness of the Hysol® layer was 0.6 mm (24 mil), maintained during fabrication by using
six spacers evenly distributed throughout the interface. Drafting tape surrounding the steel plate
was used to prevent leaking of the Hysol® resin, and pressure was applied to maintain tresin = 0.6
mm (24 mils). After two days of room-temperature curing the interface bond layer, the specimen
was cleaned of remnant resin using a chisel and a heat gun.

TEST PROCEDURE
A cyclic tensile load was applied at the ends of the specimen using an MTS closed-loop servocontrolled loading system. The stress range applied to the steel specimen, Δσst, was determined
based on the following equation:

𝛥𝜎𝑠𝑡 =

𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟

(2)

𝐴𝑛𝑒𝑡,𝑠𝑡

where Factuatoris the force or load recorded by the actuator, and Anet,st is the nominal net
cross sectional area of the steel at the reduced cross-section less the area of the drilled hole.
These values, although not representative of the peak stress demand, were adopted to simplify
the comparison between various specimens. The ratio of minimum to maximum stress was
maintained constant at R = 0.1. The rate of fatigue crack propagation was evaluated at three
different stress ranges, 262 MPa (38 ksi), 221 MPa (32 ksi) and 166 MPa (24 ksi).
The propagation life of the steel specimens used in this study was calculated for different
stress range demands based on established theoretical expressions. Theoretical crack lengths at a
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given number of cycles were determined using the following equation presented by Barsom and
Rolfe (1999):
𝑑𝑎
𝑑𝑁

= 𝐴(∆𝐾)𝑚

(3)

where A and m are properties constant for a material, ΔK is the stress intensity factor
range, a is crack length, and da is the change in crack length. Material constants of A=3.6 x 10-10
and m=3 were adopted, which correspond to values for ferrite-pearlite steel (Barsom and Rolfe,
1999). Because fatigue cracks extended from a round hole on a plate with a finite width, ΔK was
calculated using the following equation (Barsom and Rolfe 1999):

𝜋×𝑎𝑎𝑣𝑔

∆𝐾 = ∆𝜎√

𝑄

𝑎

𝑎

× 𝑓 ( 𝑟 ) 𝑥𝑓 (𝑏)

(4)

where Δσ is the applied testing stress range, aavg is the average crack length between
incremental calculation steps, Q is the flaw-shape parameter (taken as 1.0 in this case), f(a/r) is a
function of the radius of the drilled hole to crack length, and f(a/b) is a function of the crack
length to finite width of the tensile specimen. Alemdar (2011) showed that good agreement was
found between the calculated and measured crack progressions for unretrofitted specimens based
Eq. 3 and 4.
A comparison between observed fatigue-crack propagation rate of the specimens with
CFRP overlays and the calculated fatigue-crack propagation rate in unreinforced specimens with
low stress demands is presented in Fig. 6. As shown in Fig. 6, the crack propagation rate of a
specimen repaired with CFRP overlays subjected to a stress range of 166 MPa (24 ksi) was
similar to that of an unrepaired specimen subjected to a stress range of 35 MPa (5 ksi) based on
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theoretical values. These results indicate that the presence of the overlay resulted in a reduction
of approximately 80% in the stress range. The test of the specimen repaired with multi-layered
CFRP overlay subjected to a stress range of 166 MPa (24 ksi) was stopped after 4 million cycles,
after crack growth started to become noticeable.

Had the fatigue crack in this specimen

continued to propagate at the theoretical rate for an unreinforced specimen under a stress range
of 35 MPa (5 ksi), it would have reached a crack length of 7.6 mm (0.3 in.) at approximately 6
million cycles. A similarly loaded unrepaired steel specimen reached a crack length of 7.6 mm
(0.3 in.) at only 50,000 cycles (Alemdar, 2011).
9

0.35

8

41 MPa (6ksi)
w/o overlay

0.30

Crack Length (mm)

7

35 MPa (5ksi)
w/o overlay

6

166 MPa (24 ksi)
w overlay

5

221 MPa (32 ksi)
w overlay

4

0.25
0.20
0.15

(in.)

221 MPa (32 ksi)
w/o overlay

3
28 MPa (4 ksi)
w/o overlay

21 MPa (3 ksi)
w/o overlay

2

0.10
0.05

1
0
0

1

2

3

Number of Cycles

4

0.00
5
Millions

Figure 6: Crack progression in 3-mm (1/8-in.) thick specimens. Solid lines are added for comparison and
correspond to theoretical crack progressions calculated using Eq. 4 with material constants of A=3.6x10-10
and m=3 for various stress ranges in a specimen configuration without overlays.
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Testing of the remaining specimens with CFRP overlays was carried out without
removing the overlays for inspection so that that any cumulative damage to the interface layer
and the composite overlay could be directly accounted for in the test results. Each test was
terminated after the specimens reached failure or run-out. Failure of these specimens was
defined as fatigue crack propagation completely through the width of the steel specimen;
however, crack propagation and failure could not be tracked visually due to the bonded overlays.
Instead, failure was indicated by a decrease in the percent change in stiffness of the system. The
percent change in stiffness was calculated using the following equation:

% change in K = [(δL/δP) - Kmax] / Kmax

(5)

where K is the stiffness of the combined steel and CFRP overlays, δL is the change in
load placed on the specimen, δP is the change in position from the testing machine, and Kmax is
the maximum stiffness recorded during testing. Run-out was defined as exceeding the AASHTO
S-N curve for a Category A detail at the corresponding nominal stress range (AASHTO 2010).
The relationship between the change in stiffness and the number of cycles for 6-mm (1/4in.) thick specimens tested at 221 MPa (32 ksi) are presented in Fig. 7.The relationship between
the stiffness and the number of cycles for all the specimens tested in the study is reported by
Gangel (2012) and Alemdar (2011).
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F4-23
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-10
1,000

10,000

100,000
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Figure 7: Percent change in stiffness of 6-mm (1/4-in.) thick specimens tested at 221 MPa (32 ksi).

EXPERIMENTAL RESULTS
The fatigue-crack propagation life of the steel substrate from an initial crack length of 7.6 mm
(0.3 in.) to complete failure in the steel was determined based on the monitored change in
stiffness calculated using Eq. 5. For all specimens a significant increase in compliance was
observed at a given number of cycles during testing (Fig. 7). Because testing was performed
under load control, any increase in compliance had to be caused by softening of the specimens,
which is indicative of damage. An increase in compliance could be caused by loss of bond,
damage in the composite overlays, or a reduction in the net cross sectional area of the steel
specimen. Because the neither the composite overlays nor the interface layer showed signs of
damage or distress, it was hypothesized that gradual increases in compliance were caused
primarily by the reduction of the net cross sectional area of the steel specimen. Propagation of
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the fatigue crack through the entire cross section of the specimen led to 100% of the load being
transferred through the composite overlays. This new load path caused a rapid increase in the
damage to the overlays in the vicinity of the fatigue crack and to local loss of bond, leading to a
large increase in compliance. The number of cycles at which a sudden and significant change in
compliance was observed was adopted as the fatigue propagation life for the specimen. Upon
the conclusion of testing, the CFRP overlays were removed to inspect the steel specimen and
confirm that the fatigue crack had in fact propagated through the entire net section of the steel.
The number cycles to failure for each specimen determined in this manner are summarized in
Table 2 and Figs. 8a and 8b.

Stress Range, Δσ (ksi)

100
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32
24
10

1
10,000
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3.2 mm (1/8 in.) CFRP Overlay
6.4 mm (1/4 in.) CFRP Overlay
Denotes Runout

100,000

1,000,000

Number of Cycles, N (~)
(a)
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Figure 8: S-N diagram for propagation life for (a) 3-mm (1/8-in.) thick specimens and (b) 6-mm (1/4-in.) thick
specimens

For Specimens Pick 13, Pick 7, F27, and F4-20, a significant change in compliance was
never observed and these specimens were classified as run-out. The stress reduction in the steel
due to the alternate load path provided by the CFRP overlay was sufficient to drive the demand
below the fatigue crack propagation threshold (Barsom and Rolfe 1999).

The composite

overlays were removed for inspection after testing was complete, and it was confirmed that the
fatigue cracks had not propagated fully through the steel cross-sections.

EFFECT OF STIFFNESS RATIO
The fatigue-crack propagation lives determined above were compared on the basis of the axial
stiffness ratio. The value of SR was determined for each specimen based on ECFRP = 83 GPa
(12,000 ksi), the measured thickness of the steel, ts, the CFRP overlay thickness used, tCFRP, and
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the modulus of elasticity of steel, Es (200 GPa, 29,000 ksi). Figure9 shows the fatigue-crack
propagation life of each specimen vs. the stiffness ratio, SR. For specimens that reached run-out
(the last point of each curve, outside the range of the graph), the number of cycles to failure was
extrapolated using accepted models of theoretical crack propagation presented by Barsom and
Rolfe (1999). Extrapolated points (not shown) for the four curves were 22.9, 6.8, 3.9, and 3.2

Fatigue Crack Propagation Life (millions of
cycles)

million cycles, corresponding to SR values of 1.66, 1.66, 1.66, and 3.2, respectively.

2.0

1.5

1.0

0.5

0.0
0.0

0.5

1.0

1.5

2.0

2.5

Stiffness Ratio, SR
3.2 mm (1/8 in.) Specimens - 166 Mpa (24 ksi)
3.2 mm (1/8 in.) Specimens - 221 Mpa (32 ksi)
3.2 mm (1/8 in.) Specimens - 263 MPa (38 ksi)
6.4 mm (1/4 in.) Specimens - 221 Mpa (32ksi)

Figure 9: Fatigue-crack propagation life for all specimens treated with CFRP overlays and an initial crack
length of 7 mm (0.3 in.)

Figure9 shows that the effect of the SR was dependent on the applied stress range. For a
specific stiffness ratio, as the stress range increased the fatigue life decreased, as expected.
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However, this trend was not proportional. Much greater improvement was observed when the
stress range decreased from 221 MPa (32 ksi) to 166 MPa (24 ksi) than when the stress range
decreased from 263 MPa (38 ksi) to 221 MPa (32 ksi).
Figure9 also shows a relationship between propagation life and SR that may be
approximated as bilinear. For all specimens, the fatigue-crack propagation life increased as the
stiffness ratio increased. For each stress range there was a stiffness ratio at which the slope of
the curve had a sudden increase, trending towards infinity. Past this point, small increases in the
stiffness ratio resulted in propagation lives that vastly exceeded run-out. It is clear from Fig. 9
that the critical SR at which each set of data trended towards infinity increased with stress range.
The critical SR for specimens tested at stress ranges of 166 MPa (24 ksi), 221 MPa (32 ksi), and
263 MPa (38 ksi) were approximately 0.8, 1.0, and 1.6, respectively, regardless of specimen
thickness. These results indicate that as stress range increases, the stiffness ratio must be
increased to achieve infinite fatigue life.
Because the critical width of the 6-mm (¼-in.) thick specimens differed from that of the
3-mm (1/8-in.) thick specimens, failure of the former specimens was taken as the number of
cycles at which the crack reached a length of 14 mm (9/16 in.). Therefore, the propagation life
used in the comparisons corresponds to the same crack growth for all specimens, regardless of
specimen thickness, allowing a direct comparison between the two.

A direct comparison

between the 3-mm (1/8-in.) thick and the 6-mm (¼-in.) thick specimens tested at 221 MPa (32
ksi) (Fig. 9) shows that for the same stiffness ratio the thicker specimen had the greater
propagation life. However, both specimens had approximately the same critical stiffness ratio.
Given the relatively large initial crack size of 7.6 mm (0.3 in.) relative to the remaining
steel net section, control specimens were not tested in this study as their fatigue lives would have
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been quite low in the unreinforced condition. However, theoretical crack propagation lives for
un-retrofitted specimens were determined using Eq. 3. With the calculation of ΔK from Eq. 4, the
theoretical number of cycles to failure of an unretrofitted specimen can be found from Eq. 3 if
the change in crack length (da) is set as the distance from an initial crack length of 7.6 mm (0.3
in.) to the edge of the specimen. The results of this theoretical fatigue crack propagation life for
un-retrofitted specimens are shown in Table 5 designated as having a stiffness ratio of 0.

Table 5: Theoretical fatigue life of un-retrofitted specimen and comparative increase in fatigue life of CFRP
repaired specimens

Stiffness
Ratio

(a)

(b)

3 mm (1/8 in.) steel specimens
Stress Range
166 MPa 221 MPa 263 MPa
(24 ksi)
(32 ksi)
(38 ksi)

6 mm (1/4 in.) steel specimens
Stress Range
166 MPa 221 MPa 263 MPa
(24 ksi)
(32 ksi)
(38 ksi)

0

6,891

2,907

1,736

10,423

4,397

2,625

0.21
0.41
0.62
0.83
1.66
3.31

-49.4
-210.4
run-out
--

-19.2
93.3
107.7
run-out
--

-10.9
-54.8
162.8
run-out

-------

3
34
-109.5
run-out
--

-------

Description
Theoretical fatigue
crack propagation
life (cycles)
calculated using
Equations 3 and 4
Increase in fatigue
life from theoretical
values to
measured values
(Table 4)

After the theoretical fatigue crack propagation life of unretrofitted specimens was
calculated for an initial crack length of 7.6 mm (0.3 in.), it was compared with the fatigue crack
propagation lives of CFRP repaired specimens, which are presented in Table 2. The ratio of
observed fatigue crack propagation life of the various retrofitted specimens to calculated fatigue
life of the unretrofitted specimen is presented in Table 5. Table 5 shows that the applied stress
range played a crucial role in the level of fatigue life improvement that was achieved through use
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of CFRP overlays. When the stress range decreased 16%, from 263 MPa (38 ksi) to 221 (32 ksi),
the ratio of increase in fatigue crack propagation life was approximately doubled for stiffness
ratios of 0.41 and 0.83. The same held true when the applied stress range was decreased form
221 MPa (32 ksi) to 166 MPa (24 ksi). Although this means that a CFRP overlay repair was
more effective at a lower stress range, the improvements observed at very high stress ranges are
still promising. For a specimen with a thickness of 6 mm (1/4 in.) tested at a stress range of 221
MPa (32 ksi), the smallest stiffness ratio tested (0.21) the fatigue propagation life increased by a
factor of 3 when compared with the theoretical fatigue crack propagation life of an unretrofitted
specimen. At 263 MPa (38 ksi) and a stiffness ratio of 0.41, the fatigue life of the specimen with
the same thickness increased by a factor of 10.9. For specimens with a thickness of 3 mm (1/8
in.), increasing the stiffness ratio to 1.66 at 263 MPa (38 ksi) increased the fatigue life by a factor
of 162, when compared with that of an unretrofitted specimen.
Drastic increases in fatigue crack propagation life can be attributed to the reduced applied
stress imposed on the steel. The stress ranges corresponding to the fatigue crack propagation
lives presented in Table 2 were determined using the relationships from Eq. 3 and 4. For
example, specimen F15 was tested at a stress range of 263 MPa (38 ksi) based on the measured
cross-section of the steel; however, the experimental fatigue crack propagation life presented in
Table 2 corresponds to an effective applied stress range of approximately 118 MPa (17 ksi)
based on the measured cross-section of the steel. Figure 10 presents the effective stress ranges
for all steel tensile specimens based on their calculated stiffness ratio. The reductions in stress
follow the same patterns determined during the FE analysis and shown in Fig. 3. Both Fig. 3 and
Fig. 10show a relationship between stiffness ratio and stress reduction that is parabolic and
inversely related in nature.
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Figure 10: Equivalent applied stress of all specimens treated with CFRP overlays and an initial crack length
of 7 mm (0.3 in.)

SPECIMEN DEBOND BEHAVIOR
Of the 15 specimens tested with initial crack lengths of 0.3 in., only one specimen, F4-20,
experienced partial debonding between the steel and CFRP overlays. This specimen represented
the thickest steel plate tested, combined with the thickest CFRP overlay tested. This suggests
that the combination of very thick components led to independent behavior in terms of
deformation, instead of system deformation. It is hypothesized that this behavior resulted in
fatigue crack initiation in the resin layer at the bottom and top of the CFRP overlay, and
subsequent crack propagation towards the center of the length of the overlay. The fatigue crack
in the bond layer was noticed at a length of approximately 38 mm (1.5 in.). At this point, a steel
collar consisting of two steel plates bolted around each end of the specimen was attached to
prevent further debonding (Gangel, 2012). The debonding never approached the region of the
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fatigue crack in the steel since it was arrested with the steel collar installation; therefore, the
results from this specimen are presented as comparable to the others in the study.

CONCLUSIONS
Results of an experimental and analytical study examining the use of CFRP overlays to repair
fatigue cracks in steel plates has resulted in the following conclusions:


Experimental results showed that as stress range was increased, a greater stiffness ratio
was required for the fatigue crack propagation life to tend towards infinity. At 166 MPa
(24 ksi), 221 MPa (32 ksi), and 263 MPa (38 ksi) the number of cycles to failure tended
towards infinity at stiffness ratios of 0.8, 1.0, and 1.6, respectively.



Both FE analysis and experimental results showed a diminishing effect on stress demand
as the stiffness ratio increased. Based on these results it is the opinion of the authors that
the greatest benefit of using overlays to reduce the stress demand is achieved for stiffness
ratios below unity.



Experimental results showed that bonding of pre-fabricated multi-layered CFRP overlays
increased the theoretical fatigue crack propagation life of unretrofitted steel specimens by
at least three times and up to 162 times before experimental specimens reached run-out.



The observed increase in fatigue-crack propagation life matched or was significantly
higher than values ranging between 3 and 10 reported in previous studies on aluminum
plates, steel plates, and steel beams. The main difference between the overlays used in
this study and those used in other studies is that the stiffness ratio SR was significantly
higher in this study than identified in previous literature.
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Implications of the fundamental research described herein are significant. Research
presented within this article has shown that use of CFRP overlays to repair cracks in steel
members can be a highly effective means of reducing the stress demand and greatly prolonging
the fatigue-crack propagation life of steel substrate.

This work has provided a basis for

proportioning CFRP overlays for effectiveness in halting/slowing fatigue crack propagation,
based upon nominal stress range and the stiffness ratio between the overlay and the steel.
Future research is advised to better understand the demands upon and the behavior of
CFRP overlays bonded to steel substrate. Topics that should be studied include testing thicker
steel plates representative of bridge girder webs and investigating wide steel plates with a bonded
overlay element of lesser width.
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EFFECTIVENESS OF CRACK-ARREST HOLES UNDER DISTORTION-INDUCED
FATIGUE LOADING
H. Liu1, J. Zhou2, S.H. Bun3, G.G. Simmons4, C.R. Bennett5, A.B. Matamoros6, J. Li7

ABSTRACT
Drilling crack-arrest holes to halt fatigue crack propagation is a simple technique that is
commonly-used by bridge owners faced with controlling and/or repairing fatigue cracking in
steel bridges. Well-established relationships exist for sizing the diameter of the crack-arrest holes
for in-plane fatigue loading; however, the effectiveness of crack-arrest holes under out-of-plane
(distortion-induced) fatigue is not well-understood and has received very little attention in the
literature.
Distortion-induced fatigue cracking is much more common in steel bridge infrastructure
than in-plane fatigue cracking, and bridge owners often utilize drilled crack-arrest holes in these
cases as a “first response” against fatigue cracks discovered during inspections. The purpose of
the crack-arrest hole is to smooth out the sharp crack tip, reducing the stress concentration and
halting/delaying crack propagation. Common knowledge has been that large diameter crackarrest holes are more effective at halting crack propagation under distortion-induced fatigue than
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small diameter crack-arrest holes. However, drilling large diameter crack-arrest holes can have
strength implications for a structure, and may not be desirable. Additionally, there is little
evidence in the literature that large diameter crack-arrest holes perform better than small
diameter crack-arrest holes under distortion-induced fatigue.
A study examining the effectiveness of crack-arrest holes of varying diameters under
distortion-induced fatigue loading was performed. The investigation was comprised of both
experimental and analytical components. The experimental study was performed on segments of
plate girder tested in the KU Structural Testing Laboratory, loaded under distortion-induced
fatigue. Crack-arrest holes of various diameters were drilled at the tips of the cracks having
different lengths, and their effectiveness was evaluated. A suite of three-dimensional, solidelement finite element analyses was also used to parametrically vary crack-arrest hole diameter,
placement, and crack length to investigate the influence of those variables on stress demands in a
girder web gap region subjected to distortion-induced fatigue.
The findings from the experimental and analytical components of this study were
compared against common industry practices. The results showed that crack-arrest hole
placement (inherently tied to cracking location and geometry), rather than hole diameter, had a
much greater effect on the effectiveness of the crack-arrest hole in bridge girders susceptible to
distortion-induced fatigue.

INTRODUCTION AND BACKGROUND
Fatigue cracking is a common problem afflicting thousands of steel bridges in the U.S. highway
bridge inventory, and the scale of the problem is poised to increase over the next decade due to
deferred maintenance and utilization of bridges well beyond their original design lives. As the
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mean age of steel bridges increases, fatigue damage caused by cumulative vehicular loading
cycles also increases.
Maintaining and repairing these bridges is an expensive and time-consuming endeavor,
often requiring engineering of tailored retrofit solutions. However, a nearly universally-accepted
first line of defense against fatigue crack propagation is the common practice of drilling a crackarrest hole at the tip of a crack.
Crack-arrest holes are a time-honored, simple solution for stopping fatigue crack
propagation. They stop fatigue crack propagation by blunting the crack tip and reducing the
stress concentration at the crack tip. The radius of a crack tip is very small, approaching zero,
and the curvature (1/radius) approaches infinity.

Correspondingly, the stress concentration

factor (Eqn. 1) at the crack tip approaches infinity. The crack-arrest hole changes the radius and
curvature at the crack tip to that of the crack-arrest hole and reduces the stress concentration
factor substantially. From Barsom and Rolfe (1997):

kt 

 max
 nom

Equation 1

Where kt is the stress concentration factor, max is the maximum at the edge of the crack,
and nom is the stress sufficiently far away from the crack that it is not influenced by the crack.
For example, the stress concentration factor at the edge of an ellipse is represented in
Equation 2 (Barsom and Rolfe 1997):
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a

kt  1  2 
b



Equation 2

Where kt is the stress concentration factor, 2a is the length of the major axis of the ellipse
and 2b is the length of the minor axis of the ellipse.
For sharp cracks, b approaches 0and a/b becomes very large; thus kt also becomes very
large. By placing a crack-arrest hole of radius r at the tip of the crack, r replaces b and the stress
concentration factor reduces from infinite to a relatively small finite number.
The formula for determining the diameter of the crack-arrest hole to stop fatigue crack
propagation was first presented in Rolfe and Barsom (1977) and also appears in the latest edition
of Barsom and Rolfe (1999). Fisher et al. (1980; 1990) used the same formula but developed a
different constant, C, from different experimental testing. The formula (Eqn. 3) relates the
required radius of the crack-arrest hole to the yield strength of the steel, the range of the stress
intensity factor, and the half-length of the crack along with a constant from experimentation.
The formula was presented in the following form (Rolfe and Barsom 1977):

K



 C  ys

Equation 3

where C is constant derived from experimental testing, is required radius of the crackarrest-hole, σys is the yield strength of the steel and ΔK is the range of the stress intensity factor.
Equation 3 was based on a series of experiments performed by Barsom and Rolfe (1977)
on various steel plates with edge notches; all the notches had the same length, a, and all had the
same constant radius at the tip. Yield strengths of the steel plates varied between 248 MPa (36
ksi) to 758 MPa (110 ksi). The loading, which consisted of uniaxial, cyclical loads, was varied
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to provide stress ratios (R = smax/smin) of –1.0 (full stress reversal), 0.1, and 0.5. This plate
geometry combined with the uniaxial, tension-compression loading resulted in Mode I type
fracture, where Mode I fracture is a tension-opening crack. For this edge notch configuration,
the range of the stress intensity factor can be determined by:

K     a

Equation 4

Where ΔK is range of the stress intensity factor, Δσ is cyclic stress range (σmax - σmin) for
the fluctuating stresses, and a is the length of the edge crack (1/2 the length of the crack for an
interior crack).
When Eqn. 4 is substituted into Eqn. 3, Eqn. 5 results:

  a



 C  ys

Equation 5

This can be rearranged in terms of  and a, and becomes:

     
a
 C 2 ys 



 

Equation 6

The crack-arrest formula is also found in Fisher et al. (1980; 1990).

Fisher et al.

conducted a series of experiments on rolled, wide-flange shapes (Fisher et al. 1980) and weldedplate girders (Fisher et al. 1990) where the full-scale members were configured and loaded in
such a manner that they were subjected to both in-plane bending stresses and out-of-plane
distortion stresses. This combination resulted in distortion-induced fatigue cracking at locations
where cross-bracing attached to the connection plates, which were in turn welded to the girder
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webs. The steel used in the studies by Fisher (1980; 1990) was limited to Gr. A370 steel, which
had a measured yield strength of 248 MPa (36 ksi).
The fatigue cracking was caused by a complex, triaxial stress field and resulted in a Mode
III failure (shear in a plane perpendicular to direction of crack growth) or in a complex mode
with both Mode III and bending stress components.

When fatigue cracks developed in the

members, holes were drilled at the ends of the crack tips; these holes typically had diameters of
19mm (¾ in), 25mm (1in), or 32mm (1¼ in). The test were restarted and continued until the
cracks reinitiated or the test was stopped. For the tests performed on the rolled shapes, the
control stress variable was the stress range in the normal flexural bending stresses as measured in
the beam web at the bottom of the gusset at mid-span. The stress ranges were 41.4, 62.0, 82.7, or
103.4 MPa (6, 9, 12, or 15 ksi). For tests on the plate girders, testing was controlled by limiting
the in-plane bending stress to either 41.4 or 82.7 MPa (6 or 12 ksi) and inducing out-of-plane
distortion stress of either low, medium, or high values. The out-of-plane distortion stress was
calculated from strains measured in the web gap with strain gages and then extrapolated back to
the edge of the transverse stiffener.
Despite the differences in the testing methodology, Fisher et al. (1980) used Eqns. 3 & 4
for determining the required radius of the crack-arrest hole but developed a different constant, C.
Using Eqns. 3 and 4 resulted in Eqn. 5 for both Rolfe and Barsom (1977) and Fisher et al. (1980,
1990). Since C was derived from different testing methodologies, the values for C depend on
using consistent units. Table 1 provides the consistent units and the corresponding values for C
from Rolfe and Barsom (1977) and from Fisher et al. (1980, 1990) in both SI and US Customary
units.
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Table 1: Values for C and Units for Crack -Arrest Hole Equations

Units C – Rolfe and Barsom (1977) C – Fisher et al. (1980)
SI

26.3

10.5

US

10

4

Δσ

σys

a



MPa MPa mm mm
ksi

ksi

in.

in.

Fisher et al. (1990) stated that, if the out-of-plane bending stress at the transverse stiffener
is greater than 103 MPa (15 ksi) or if the in-plane bending stress in the web at the web to flange
weld is greater than 41 MPa (6 ksi), the crack-arrest hole with a radius as calculated from the
Eqn. 6 using the constant C = 4 will not prevent the crack from reinitiating on the other side of
the hole. Rolfe and Barsom (1977) did not specify a restriction on in-plane load in their
discussion of the formula.
In practice, crack-arrest holes have exhibited a wide range of performance. Typically,
crack-arrest holes sized according to Eqn. 6 for in-plane fatigue have performed satisfactorily.
However, crack-arrest holes have not exhibited the same propagation-halting performance under
distortion-induced fatigue loading, and the reason for this is not entirely clear.
One reasonable hypothesis is that crack-arrest holes are not commonly drilled to the
diameter required when using Eqn. 6 with C=4, as this often results in very large hole diameter
requirements. Commonly-encountered crack lengths and grades of steel would often necessitate
crack-arrest hole diameters greater than 4 in. when using that equation, which at best removes a
significant amount of steel section, and more often than not is simply geometrically impossible.
When faced with this situation, bridge engineers usually specify the largest crack-arrest hole that
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they consider feasible and reasonable, which is often on the order of 1 in. diameter. Therefore, it
is reasonable to consider whether the fact that such crack-arrest holes are “undersized”
contributes to crack re-initiation.
Subscribing to this hypothesis, McGormley and Koob (2002) suggested the use of a
large-hole retrofit to retrofit for distortion-induced fatigue. This procedure involves fabricating
two large-diameter holes (3-4 in.) in the web gap region – one on both sides of the connection
stiffener. No literature was found assessing the performance of this repair technique, but it has
been implemented on numerous bridge structures across the U.S.
Another reasonable hypothesis as to why crack-arrest holes have not exhibited good
crack-arresting capabilities under distortion-induced fatigue is that crack-arrest holes cannot be
expected to perform similarly in distortion-induced fatigue as they do under in-plane fatigue. If
this hypothesis is true, then the crack-arrest hole relationship introduced in Eqn. 3 may not be
applicable for distortion-induced fatigue cracking.
Information is needed to determine the effects of crack-arrest hole diameter, placement,
and crack type on propensity for crack re-initiation under distortion-induced fatigue loading for
the purpose of providing guidance to bridge engineers making decisions when faced with active
cracking in steel bridges. Decades of implementation with mixed results have shown that the
level of information available to bridge engineers with respect to crack-arrest hole sizing for
distortion-induced fatigue is inadequate.

OBJECTIVE AND SCOPE
The overall objective of this research was to examine the effectiveness of crack-arrest holes of
varying diameters, placement, and crack length for steel bridge girders subjected to distortion- 49 -

induced fatigue. The scope of the study included both physical experimentation and finite
element simulations.

RESEARCH APPROACH
The approach taken in this research utilized a suite of finite element models in which crack
length, crack placement, and crack-arrest hole diameter were varied. In addition, a model of the
hole retrofit described in McGormley and Koob (2002) was created and compared to the results
from the broader suite of finite element (FE) models. A physical test was conducted on a girder
segment loaded in distortion-induced fatigue to provide context to the finite element analyses.

MODELING METHODOLOGY
The effects of out-of-plane bending and cross-frame loading were studied through use of
computational simulations performed using the commercially-available finite element software,
Abaqus v.6.10. The baseline geometry for each model included a single 3.0 m [10 ft] long by
1.52 m [5.0 ft] deep simply-supported steel girder section, dimensioned in Figure 1 and Figure 2.
In this simplified girder model, no bridge deck was included. The depth of this section was
chosen to represent a reasonable girder depth for a multi-girder highway overpass. The length of
the girder section was chosen to be twice the girder depth. The connection stiffener welded at
mid-span was truncated 36 mm [1.4 in.] from the face of each adjacent flange. A 25 mm [1.0 in.]
clip produced a web gap region of 35 mm [1.38 in.]. The end stiffeners were attached to both the
top and bottom flange and welded to the entire depth of the web on sides. The flanges were
connected to the web by welds on both the interior and fascia side along the width of the web.

- 50 -

Figure 1: Elevation view of girder section and model geometry

41.4-MPa (6.0-ksi)
18.2-kN (4.1-kip)
12.8-kN (2.9-kip)

18.2-kN (4.1-kip)
12.8-kN (2.9-kip)

Figure 2: Girder cross-section

A 41.4 MPa [6.0 ksi] pressure load was placed over a 12 mm [1/2 in.] width at the center
of the top flange, to simulate the maximum design truck load over this girder section. An 18.2
kN [4.1 kip] point load was placed 105 mm [4.1 in.] from the top of stiffener at the center of the
exterior face of the stiffener, 127 mm [5.0 in.] from the interior surface of the web. The load was
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directed perpendicular to the surface and pointed away from the girder. A 12.8 kN [2.87 kip]
point load was placed at the same location as the 18.2 kN [4.1 kip] point load. This load was
directed parallel to the surface and pointed toward the bottom flange. A corresponding 18.2 kN
[4.1 kip] point load and a 12.8 kN [2.9 kip] point load was placed 105 mm [4.1 in.] from the
bottom of stiffener at the center of the exterior face of the stiffener, 127 mm [5.0 in.] from the
interior surface of the web. These force couples, shown in Figure 2, model the out-of-plane
forces induced by cross-frame connections during bending deformation.
Eight-node, cubic elements with 24 degrees of freedom were used in the meshes for the
flanges, web, and stiffeners. Four-node tetrahedral elements with 12 degrees of freedom each
were utilized to conform to the special geometrical aspects of the weld. All the fillet welds were
modeled as right triangle cross-sections. All steel sections and welds were modeled as isotropic,
linear elastic materials with an elastic modulus of 200,000 MPa [29,000 ksi] and a Poisson’s
ratio of 0.3. Tie constraints were used to connect the fillet welds to the surfaces they bring
together.

MODELING OF CRACKS, CRACK-ARREST HOLES, AND COMPUTING STRESSES
Cracks were modeled as a rectangular cut extruded through the thickness of the web and with a
0.25 mm [0.01 in.] width; length of the cracks was varied through the study. Crack-arrest holes
were modeled as a circular cut extruded through the web thickness. Four different crack patterns
were considered within the modeling effort, as diagrammed in Figure 4 and described here:


Diagonal crack: a crack that occurs at the toe of the connection plate-to-web weld and
extends diagonally into the web (Figure 4(a));
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Horseshoe-shaped crack: a crack that follows the toe of the connection plate-to-web weld
(Figure 4(b));



Horseshoe-shaped crack and web-to-flange crack: two cracks occurring simultaneously –
a crack around the toe of the connection plate-to-web weld and a crack along the toe of
the web-to-flange weld (Figure 4(c)); and



Web-to-flange crack: a crack along the toe of the web-to-flange weld (Figure 4(d)).
As shown in Figure 3, for all models including diagonal cracks, total crack length was

taken as the crack-arrest hole diameter combined with the undrilled crack length on one side of
the stiffener. For web-to-flange cracks, (except for models including a 102 mm [4.0 in.] crackarrest hole), total crack length was taken as the crack-arrest hole diameter combined with the
undrilled crack length. For horseshoe-shaped cracks, (except for models including a 102 mm [4.0
in.] crack-arrest hole), total crack length was measured as the radius of the crack-arrest hole
combined with existing crack length on one side of the stiffener. Hence, diagonal and horseshoeshaped crack lengths refer to the length of one leg of the diagonal and horseshoe shapes, as
dimensioned with the arrows in Figure 3. It should be noted that cracks are shown in Figure 3 as
white lines. The total crack length was kept constant for all three crack types. For the 102 mm
[4.0 in.] crack-arrest hole, hole placement was such that the hole was drilled 3 mm [1/8 in.] into
both the flange weld and connection plate weld.
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(a)

(b)

Figure 3: (a) Dimension of the diagonal crack length; (b) dimension of the horseshoe-shaped and web-toflange crack length

Comparisons in this research were performed on the basis of the Hot Spot Stress (HSS).
In this paper, HSS was defined as the stress at a distance half the thickness of the web away from
the edge of the web-to-flange weld, connection plate-to-web weld, and crack-arrest holes. To
apply the HSS technique in the finite element models, peak stresses were extracted from paths in
the models. The path that was used to determine the first peak stress followed the same
horseshoe shape along the connection plate-to-web weld a distance of 229 mm [9.0 in.] down
both sides of the stiffener, as shown the HSS-1 path in Figure 4. The path to determine the
second peak stress followed the same horizontal path along the web-to-flange weld for a length
of 406 mm [16.0 in.], as shown the HSS-2 path in Figure 4. A circular path around the crackarrest hole was also examined to determine peak stress around the hole, as shown the CHSS-1
and CHSS-2 paths in Figure 4. It should be noted that cracks are shown in Figure 4 as yellow
lines, and HSS paths are shown in red.
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(a)

(b)

(c)

(d)

Figure 4: Crack placement and Hot Spot Stress paths for FE models: (a) Diagonal-type crack pattern; (b)
Horseshoe-shaped crack; (c) Horseshoe-shaped crack and web-to-flange weld crack; (d) Web-to-flange weld
crack

(a)

(b)

Figure 5: Crack placement and Hot Spot Stress paths for: (a) 101.6 mm [4.0 in] hole for the model including
web-to-flange weld crack; (b) 101.6 mm [4.0 in] hole for the model including horseshoe-shaped crack
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MESH CONVERGENCE STUDY
Stresses computed in the models near the locations of crack-arrest holes were found to be
sensitive to mesh density, therefore, a mesh convergence study was performed. The mesh
convergence study was conducted for a model that included a diagonal crack. A large enough
area was partitioned such that all crack types with different lengths and varying hole diameters
would fit within the partitioned region. The most coarse and most dense mesh configurations for
the region near the crack-arrest hole in the girder web are shown in Figure 6(a) and (b), and
consisted of three concentric circular regions around the holes which allowed gradually
increasing element size away from the crack-arrest hole.

Rectangular partitions were also

created around the crack. The mesh was configured using several regions with increasing mesh
density near the crack-arrest hole. The results for convergence study are illustrated in Figure
6(c). A minimum element size of 0.71 mm [0.028 in] at the path half the thickness of the web
away from the edge of crack-arrest hole was selected in this study, which is the configuration
shown in Figure 6(b).
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Figure 6: (a) Mesh in the vicinity of the crack-arrest holes for an element size of 1.80 mm [0.071 in]; (b) Mesh
in the vicinity of the crack-arrest holes for an element size of 0.71 mm [0.028 in]; (c) Effect of element size
around the crack-arrest hole path on maximum principal HSS.

MODEL VALIDATION
As described, the primary investigative technique used in this study was based upon a suite of
refined, three-dimensional finite element simulations. To provide context to the simulations and
to validate the finite element modeling approach, a physical test was performed on a built-up
steel girder loaded in distortion-induced fatigue. A description of the physical test and findings
pertinent to validating the FE simulations are presented in the following sections.
The physical test setup was comprised of a built-up welded steel girder that was
connected to the concrete laboratory floor such that the girder was tested upside-down. The
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bottom flange of the girder in the laboratory was restrained to the laboratory floor over its entire
length. One end of a cross-frame was attached to a connection plate located at mid-length of the
girder. The opposite end of the cross-frame was attached to an actuator, which pulled upwards
on the cross-frame, simulating the effect of an adjacent bridge girder deflecting under load.
The web, bottom flange, and top flange of the test girder all had 345 MPa [50 ksi] yield
strength. A connection plate 873 mm [34.4 in] tall and 127 mm [5.0 in.] wide was welded to the
web at the middle of the girder. All stiffeners had a 32 mm [1 ¼ in.] cropped end and a thickness
of 10 mm [3/8 in.]. A cross-frame was used to connect the connection plate and a WT; the WT
section was used to connect the cross-frame to the actuator. The cross-frame was made up of
three L76x76x10 mm [L3x3x3/8 in.] angles of which two were in a X-configuration, and one
was as a horizontal member.
The girder subassembly was instrumented with three linear variable differential
transformers (LVDTs) placed along the height of the girder, and nine bondable-type strain gages.
Two strain gages were placed at the top and bottom web-gaps where the cracks were expected to
initiate. The three LVDTs were used to capture the out-of-plane deflection at three locations
through the girder depth.
The subassembly was tested under cyclic tensile load that ranged from 2.2 kN [0.5 kip] to
25.3 kN [5.7 kip] applied by an MTS actuator connected to a WT section that was connected to
the cross-frame using load-control. The test progressed as described in the following, also
illustrated in Figure 7. And the maximum principal stress screenshots corresponding to each step
were shown in Figure 8:
Stage 1. Cyclic loading was applied to the girder, and a horseshoe-shaped crack initiated and
propagated to 38 mm [1½ in.] long around the connection plate-to-web weld. The
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girder was inspected often using UV light and dye penetrant to determine crack
growth rate, and the data was collected continuously while being cycled.
Stage 2. Next, a pair of crack-arrest holes were drilled at the tips of the cracks, one on each
side of the connection plate. The diameter of each of the holes was 51 mm [2 in.].
Since the cracking followed the connection plate weld, there was not enough room to
drill the holes such that the tips of the cracks were located at the center of the holes;
this is a common problem for cracking in this type of fatigue detail. Therefore, the
holes were drilled approximately 3mm [1/8in.]into the weld instead of placing the
holes’ circumference right at the edge of the weld. Around the holes, strain gages
were installed to capture the deformation.
Stage 3. The specimen was cycled at the same load range as in Stage 1 of the test. The
inspection procedures were carried out the same ways as mentioned in Stage 1. The
specimen was tested until new cracks appeared and propagated to 76mm [3in.] long.
The two new cracks did not originate from the crack-arrest holes, but originated at
the weld.
Stage 4. Another pair of 51 mm [2 in.] diameter holes was drilled at the tips of the cracks.
The location of the hole placement and the testing procedures were carried in the
same way as in Stage 2.
Stage 5. Small cracks were noted to appear at the toe of the web-to-flange weld.
Stage 6. Additional cracking occurred at the connection plate-to-web weld; this crack did not
originate from the crack-arrest hole, but originated from the weld, a short distance
from the crack-arrest hole.
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Connection plate

51 mm [2 in.]
dia. drilled
crack-arrest
holes

Toe of connection
plate-to-web weld

Toe of web-to-flange weld
Bottom flange
Stage 2 – Drilled crack-arrest holes at tips of cracks

Stage 1- Initial crack formation

Second pair of
51 mm [2 in.]
dia. drilled
crack-arrest
holes

New
connection
plate-to-web
weld cracking;
did not
originate from
holes

Stage 3 – New cracks initiate at the connection plate-to-web weld,
above the drilled crack-arrest holes (but not out from the holes)

Stage 4 – New crack-arrest holes were drilled

New connection
plate-to-web weld
cracking; did not
originate from
holes

Initiation of cracks at toe of
web-to-flange weld
Stage 5 – Crack initiation was noted at web-to-flange weld

Stage 6 – New crack initiated at the connection plate-to-web weld,
above the drilled crack-arrest hole (but not out from the hole)

Figure 7: Progression of cracking in physical test girder; red lines indicate crack locations
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(a)

(b)

Figure 8: (a) Maximum principal stress screenshot for Stage 2 and Stage 3; (b) Maximum principal stress
screenshot for Stage 4, Stage 5 and Stage 6

The results from the FE model concluded that drilling a pair of 51 mm [2.0 in.]diameter
crack-arrest holes at the tips of the horseshoe-shaped crack eliminated the high stress demand at
the tips of the crack. However, the stress concentrated at new locations along the stiffener-to-web
weld a small distance from the edge of the holes. The magnitude of stress was above the yield
stress, resulting in cracking at those locations (Figure 9). These findings were in agreement with
results from the experimental testing. In the physical testing, new cracks did not initiate until the
cycle count reached approximately 420,000. The cracks were located along the stiffener-to-web
weld at 13 mm [1/2 in.] away from the edge of the holes (Figure 10(c)),and there were no signs
of cracks coming from the edge of the holes.
The deformation data collected from strain gages on the top of the holes, shown in Figure
11, indicated that magnitude of strain was close to the strain at yield. The strain on the left crackarrest hole was higher than the strain value obtained on the right crack-arrest hole as well.
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Figure 9: Finite element model for the girder including one pair crack-arrest holes

strain gage

(a)

strain gage

(b)

(c)

Figure 10: (a) Crack-arrest hole and strain gage (circled) on the left side of the connection plate; (b) Crackarrest hole and strain gage (circled) on the right side of the connection plate; (c) Cracking forming after the
first pair of crack-arrest holes had been drilled and tested on the left of connection plate
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Figure 11: Strain data from left crack-arrest hole and right crack-arrest hole gages both measured at 10 mm
(3/8 in) from the edge of the holefor one pair crack-arrest holes

As shown in Figure 12, the FE model results showed that adding the second pair of
crack-arrest holes induced new locations of severe stress concentration along the stiffener-to-web
weld at a distance approximately 38 mm [1 1/2 in.] from the edge of the new holes. This result
was corroborated by the results from the physical testing. In the physical test, new cracks first
initiated at a distance approximately 19 mm [3/4 in.] from the edge of the holes at approximately
980,000 cycles, and then propagated towards the edge of the holes. The deformation indicated
that the highest strain was located on the right of the connection plate (Figure 13 and Figure 14).
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Figure 12: Finite element model results showing two pairs of crack-arrest holes (The stress contours are
presented with limits from 0 to 345 MPa [50 ksi])

Figure 13: Strain gage placement around two pairs of crack-arrest holes in the physical testing: (a) Left side
of the connection plate; (b) Right side of the connection plate
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Figure 14: Strain data from left crack-arrest hole and right crack-arrest hole gages both measured at 10 mm
(3/8 in) from the edge of the hole at the top of the second pair crack-arrest holes

MODEL INCLUDING PLATE WASHER & TENSIONED BOLT
This study also included an evaluation of the effect of a pretensioned bolt installed in a crackarrest hole with a plate washer. The effects of this addition were studied in the FE model that
included a diagonal crack with 152 mm [6 in.] crack length and a 25 mm [1.0 in.] crack-arrest
hole diameter. A pretensioned bolt was modeled in each of the two crack-arrest holes in the
model, along with a76 mm × 76 mm × 6 mm [3 in. × 3 in. × 1/4 in.] plate washerthat was
modeled between the bolt and web, as shown in Figure 15. A 125 kN [28 kip] pretension force
was applied to the bolt’s shank. The material used for both the plate washer and bolt was steel
(elastic modulus was 200,000 MPa [29,000 ksi] and Poisson’s ratio was 0.3).
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Figure 15: Diagonal crack model with plate washer & tensioned bolt

RESULTS AND DISCUSSION
For eachmodel including a diagonal crack, horseshoe-shaped crack, web-to-flange crack, and
horseshoe-shaped&web-to-flange crack, the effect of crack-arrest hole diameter was evaluated
by changing the diameter of the holes using values of 13 mm [1/2 in.], 25 mm [1.0 in.], 51 mm
[2.0 in.], and 76 mm [3.0in.].To investigate the effect of crack length, the length of diagonal and
horseshoe-shaped cracks were altered using values of 70 mm [2 3/4in.], 102 mm [4.0 in.], and
152 mm [6.0 in.]. The length of web-to-flange crack was varied between 140 mm [5 1/2in.], 203
mm [8.0 in.], and 305 mm [12.0 in.], as shown in Table 2. The results for varying stress paths are
compiled in Table 3 through Table 7 for each crack type. Figure 17 though Figure 20 presents
the results in terms of maximum principal stress as a function of hole diameter for each stress
path. Representative plots for maximum principal stress for all crack placement types are shown
in Figure 16. These stress contours are presented with limits from 0 to 345 MPa [50 ksi].
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Table 2: Modeling test matrix: summary of hole diameters and crack lengths modeled for different crack
patterns

Crack Patterns
Diagonal

Hole Diameter, mm [in.]

Crack Length, mm [in.]

13 [0.5] 25 [1.0] 51 [2.0] 76 [3.0] 70 [2.75] 102 [4.0]

152 [6.0]

Horseshoe-shaped 13 [0.5] 25 [1.0] 51 [2.0] 76 [3.0] 70 [2.75] 102 [4.0]

152 [6.0]

Web-to-flange

13 [0.5] 25 [1.0] 51 [2.0] 76 [3.0] 140 [5.5] 203 [8.0] 3.5 [12.0]

(a)

(b)

(c)

(d)

Figure 16: Maximum principal stresses for (a) diagonal crack pattern; (b) horseshoe-shaped crack pattern; (c)
horseshoe-shaped crack and web-to-flange crack pattern; (d) web-to-flange crack pattern (The deflection
scale was 1.0, and the stress contours are presented with limits from 0 to 345 MPa [50 ksi])
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Table 3: Diagonal crack pattern stresses

Maximum Principal Stresses for 70 mm [2.75 in.] Crack
Circular HSS-1

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]

MPa [ksi]

13 [0.5]

127 [18.4]

157 [22.7]

-0.41 [-0.06]

25 [1.0]

161 [23.4]

168 [24.3]

-0.22 [-0.03]

51 [2.0]

222 [32.2]

234 [33.9]

-0.25 [-0.04]

Maximum Principal Stresses for 102 mm [4.0 in.] Crack
Circular HSS-1

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]

MPa [ksi]

13 [0.5]

150 [21.7]

170 [24.7]

-0.52 [-0.08]

25 [1.0]

150 [21.7]

172 [24.9]

-0.25 [-0.04]

51 [2.0]

197 [28.6]

196 [28.4]

-0.29 [-0.04]

76 [3.0]

237 [34.4]

247 [35.8]

8.19 [1.19]

Maximum Principal Stresses for 152 mm [6.0 in.] Crack
Circular HSS-1

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress,

mm [in..]

MPa [ksi]

MPa [ksi]

MPa [ksi]

13 [0.5]

187 [27.1]

184 [26.7]

-0.42 [-0.06]

25 [1.0]

154 [22.3]

188 [27.2]

-0.22 [-0.03]

51 [2.0]

184 [26.7]

206 [29.9]

0.99 [0.14]
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76 [3.0]

208 [30.2]

212 [30.8]

10.9 [1.58]

Table 4: Horseshoe-shaped crack pattern stresses

Maximum Principal Stresses for 70 mm [2.75 in.] Crack
Circular HSS-1

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]

MPa [ksi]

13 [0.5]

252 [36.6]

364 [52.8]

-0.46 [-0.07]

25 [1.0]

263 [38.2]

286 [41.5]

-0.23 [-0.03]

51 [2.0]

250 [36.3]

263 [38.1]

-0.26 [-0.04]

76 [3.0]

241 [35.0]

252 [36.5]

16.7 [2.42]

Maximum Principal Stresses for 102 mm [4.0 in.] Crack
Circular HSS-1

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]

MPa [ksi]

13 [0.5]

314 [45.6]

449 [65.1]

-0.48 [-0.07]

25 [1.0]

312 [45.2]

335 [48.6]

-0.21 [-0.03]

51 [2.0]

283 [41.0]

296 [42.9]

-0.21 [-0.03]

76 [3.0]

268 [38.8]

277 [40.2]

-0.27 [-0.04]

Maximum Principal Stresses for 152 mm [6.0 in.] Crack
Circular HSS-1

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]

MPa [ksi]

- 69 -

13 [0.5]

408 [59.2]

583 [84.5]

-0.53 [-0.08]

25 [1.0]

389 [56.4]

414 [60.1]

-0.23 [-0.03]

51 [2.0]

338 [49.0]

350 [50.8]

-0.20 [-0.03]

76 [3.0]

312 [45.2]

320 [46.4]

-0.24 [-0.04]

Table 5: Horseshoe-shaped & web-to-flange crack pattern stresses

Maximum Principal Stresses for 70 mm [2.75 in.] Crack
Circular HSS-1 Circular HSS-2

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress, Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]

MPa [ksi]

MPa [ksi]

13 [0.5]

298 [43.2]

22.8 [3.3]

431 [62.5]

122 [17.7]

25 [1.0]

290 [42.1]

56.5 [8.2]

314 [45.6]

98.6 [14.3]

Maximum Principal Stresses for 102 mm [4.0 in.] Crack
Circular HSS-1 Circular HSS-2

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress, Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]

MPa [ksi]

MPa [ksi]

13 [0.5]

379 [54.9]

20.7 [3.0]

554 [80.4]

178 [25.8]

25 [1.0]

356 [51.7]

32.4 [4.7]

382 [55.4]

172 [25.0]

51 [2.0]

307 [44.5]

77.2 [11.2]

319 [46.2]

100 [14.5]

Maximum Principal Stresses for 152 mm [6.0 in.] Crack
Circular HSS-1 Circular HSS-2
Diameter,

Peak Stress,

Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]
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HSS-1

HSS-2

Peak Stress, Peak Stress,
MPa [ksi]

MPa [ksi]

13 [0.5]

501 [72.6]

29.6 [4.3]

748 [109]

259 [37.5]

25 [1.0]

461 [66.8]

22.1 [3.2]

488 [70.8]

267 [38.7]

51 [2.0]

385 [55.9]

52.4 [7.6]

394 [57.1]

244 [35.4]

76 [3.0]

346 [50.2]

100 [14.5]

349 [50.6]

161 [23.3]

Table 6: Web-to-flange crack pattern stresses

Maximum Principal Stresses for 140 mm [5.5 in.] Crack
Circular HSS-2

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress,

mm [in.]

MPa[ksi]

MPa[ksi]

MPa[ksi]

13 [0.5]

16.2 [2.4]

141 [20.4]

154 [22.3]

25 [1.0]

88.1 [12.8]

147 [21.3]

129 [18.7]

51 [2.0]

192 [27.9]

203 [29.5]

7.6 [1.1]

Maximum Principal Stresses for 203 mm [8.0 in.] Crack
Circular HSS-2

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

Peak Stress,

mm[in.]

MPa[ksi]

MPa[ksi]

MPa[ksi]

13 [0.5]

1.72 [0.3]

179 [26.0]

179 [25.9]

25 [1.0]

41.4 [6.0]

180 [26.1]

168 [24.4]

51 [2.0]

141 [20.5]

169 [24.5]

93.1 [13.5]

76 [3.0]

205 [29.7]

212 [30.8]

4.5 [0.65]

Maximum Principal Stresses for 305 mm [12 in.] Crack

Diameter,

Circular HSS-2

HSS-1

HSS-2

Peak Stress,

Peak Stress,

Peak Stress,
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mm [in.]

MPa[ksi]

MPa[ksi]

MPa[ksi]

13 [0.5]

2.2 [0.3]

219 [31.8]

201 [29.1]

25 [1.0]

4.3 [0.6]

220 [31.9]

199 [28.8]

51 [2.0]

88.0 [12.8]

205 [29.7]

167 [24.2]

76 [3.0]

151 [21.9]

188 [27.3]

102 [14.8]

Table 7: 102 mm [4.0 in.] diameter hole stresses

Maximum Principal Stresses for 102 mm [4.0 in.] Diameter Hole
Circular HSS
Peak Stress,

HSS-1

HSS-2

Peak Stress, Peak Stress,

MPa [ksi]

MPa [ksi]

MPa [ksi]

Horizontal 102 mm [4.0 in.]

245 [35.6]

256 [37.1]

0.7 [0.1]

Horseshoe 102 mm [4.0 in.]

245 [35.6]

255 [37.0]

50.7 [7.4]
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Figure 17: HSS-1 for various crack placements, lengths, and hole diameters
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Table 8: Optimal diameter of crack-arrest hole for each crack type with different crack length

Crack Type

Crack Length, mm [in.]
70 [2 3/4]

102 [4.0]

152 [6.0]

Diagonal

13 [1/2]

13 [1/2]

25 [1.0]

Horseshoe-shaped

76 [3.0]

76 [3.0]

76 [3.0]

Horseshoe-shaped & Web-to-flange

25 [1.0]

51 [2.0]

76 [3.0]

Web-to-flange

25 [1.0]

51 [2.0]

51 [2.0]

EFFECT OF CRACK-ARREST HOLES FOR DIAGONAL CRACK
As shown in Figure 4(a), the crack was modeled to occur as a diagonal crack and the paths from
which stresses were measured are referred to as HSS-1, HSS-2 and circular HSS-1 (CHSS-1)
respectively. The effect of crack-arrest holes on HSS in the steel girder section is shown in Table
3, as well as in Figure17, Figure 18, and Figure 19. As can be seen in Figure 15, it was found that
HSS-1 increased with increasing hole diameter for 70 mm [23/4in.], 102 mm [4.0 in.], and 152
mm [6.0 in.] crack lengths. By increasing the hole diameter, the edge of the hole translated closer
to the connection plate and adjacent flange, causing a stress concentration to form at the welds.
Under distortion-induced fatigue, large diameter crack-arrest holes do not perform better than
small diameter crack-arrest holes. The data showed that for diagonal crack occurring on the steel
girder section, drilling smaller crack-arrest holes for shorter crack lengths was most effective.
The rate of stress change decreased with increasing crack length. The rate of stress change varied
the most for the shortest crack length, which was 70 mm [23/4in.]. The magnitude of HSS-2
remained very small for all crack lengths and hole diameters studied, as shown in Figure 19. In
Figure 18, CHSS-1 has the same trend with HSS-1. As shown in Table 8, the optimal crackarrest hole diameter for 70 mm [2 3/4 in.] long diagonal crack was recommended as 13 mm [1/2
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in.], the optimal crack-arrest hole diameter for 102 mm [4.0 in.] long crack was recommended as
13 mm [1/2 in.], and the optimal crack-arrest hole diameter for 152 mm [6.0 in.] long crack was
recommended as 25 mm [1.0 in.].

EFFECT OF CRACK-ARREST HOLES FOR HORSESHOE-SHAPED CRACK
Figure 4(b) shows the crack modeled as a horseshoe-shaped crack. The paths will be referred to
as HSS-1, HSS-2 and CHSS-1 respectively. The results for these variations are compiled in
Table 4 and presented graphically in Figure17, Figure 18, and Figure 19. In general, increasing
the diameter of holes resulted in a reduction of HSS-1 and CHSS-1. When hole diameter was
held constant, increasing crack length correlated with increased magnitudes of HSS-1 and
CHSS-1, as expected. Small diameter holes with short length cracks were associated with lower
HSS magnitudes than large diameter holes with longer length cracks.Similar to the relationship
for diagonal models, the magnitude of HSS-2 remained very small for all crack lengths and hole
diameters studied. As shown in Table 8, the optimal crack-arrest hole diameter for 70 mm [2 3/4
in.] long horseshoe-shaped crack was recommended as 76 mm [3.0 in.], the optimal crack-arrest
hole diameter for 102 mm [4.0 in.] long crack was recommended as 76 mm [3.0 in.], and the
optimal crack-arrest hole diameter for 152 mm [6.0 in.] long crack was recommended as 76 mm
[3.0 in.].

EFFECT OF CRACK-ARREST HOLES FOR A SIMULTANEOUSLY-OCCURING HORSESHOESHAPED&WEB-TO-FLANGE CRACK
Another crack pattern is a horseshoe-shaped and web-to-flange crack occurring simultaneously.
Shown in Figure 4(c), these paths will be referred to as HSS-1, HSS-2, CHSS-1 and CHSS-2
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respectively. The results are shown in Table 5, as well as in Figure 17 through Figure 20. Similar
to the resultsobserved for models with horseshoe-shaped crack, increasing the diameter of crackarrest holes resulted in a reduction of HSS-1, HSS-2 and CHSS-1 for each length combination of
cracks. However, the CHSS-2 increased when the crack-arrest holes diameter increased for
different crack lengths. Due to the crack edge translating closer to the flange, the stress
concentrated near the web-to-flange weld.As shown in Table 8, the optimal crack-arrest hole
diameter for 70 mm [2 3/4 in.] horseshoe-shaped & web-to-flange crack was recommended as 25
mm [1.0 in.], the optimal crack-arrest hole diameter for 102 mm [4.0 in.] long crack was
recommended as 51 mm [2.0 in.], and the optimal crack-arrest hole diameter for 152 mm [6.0
in.] long crack was recommended as 76 mm [3.0 in.].

EFFECT OF CRACK-ARREST HOLES FOR WEB-TO-FLANGE CRACK
For the web-to-flange crack shown in Figure 4(d), the paths will be referred to as HSS-1, HSS-2
and CHSS-2 respectively. The results presented in Table 6, Figure17, Figure 19, and Figure 20
show that the HSS-1 for a 140 mm [51/2in.] crack increased with an increase in hole diameter.
However, the HSS-1 for the 203 mm [8.0 in.] crack decreased then increased for increasing hole
diameters. The HSS-1 for a 305 mm [12.0 in.] crack always decreased with increasing holes
diameters. The HSS-1 magnitudes showed slightly different trends, depending on crack length.
In general, HSS-1 magnitudes were not extremely sensitive to either the length of the web-toflange crack, or the diameter of the crack-arrest holes.

HSS-2 stress magnitudes clearly

decreased with increasing hole diameter, while the CHSS-2 stresses around the crack-arrest hole
showed a clear trend of increasing with increasing hole size.As shown in Table 8, the optimal
crack-arrest hole diameter for 140 mm [5 1/2 in.] web-to-flange crack was recommended as 25
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mm [1.0 in.], the optimal crack-arrest hole diameter for 203 mm [8.0 in.] long crack was
recommended as 51 mm [2.0 in.], and the optimal crack-arrest hole diameter for 305 mm [12.0
in.] long crack was recommended as 51 mm [2.0 in.].

LARGE-HOLE RETROFIT
To examine the performance of the McGormley and Koob (2002) large-diameter hole retrofit
against the suite of models examined in this study, a horseshoe-shaped crack model and a webto-flange crack model with 102 mm [4.0 in.] diameter holes were developed, as shown in Figure
5. The results are presented in Table 7, as well as in Figure 17 through Figure 20. For the model
having a web-to-flange crack, the HSS-2 magnitudes for the 102 mm [4.0 in.] diameter hole
model was less than the stress magnitudes found in the smaller diameter hole models. However,
the HSS-1 and circular HSS magnitudes for the 102 mm [4.0 in.] diameter hole model were
larger than the stress magnitudesresulting in smaller diameter hole models. From the model
including a horseshoe-shaped crack, the HSS-1 and circular HSS magnitudes for a 102 mm [4.0
in.] diameter hole were nearly the same as the stresses found in the 70 mm [23/4in.] crack model
having a 76 mm [3.0 in.] diameter hole. The HSS-2 magnitude for the model with a horseshoeshaped crack and a 102 mm [4.0 in.] diameter hole was greater than the stresses measured in the
smaller diameter hole models. This showed that large diameter crack-arrest holes did not perform
better than small diameter crack-arrest holes for certain crack configurations.

EFFECT OF INCLUDING PRETENSIONED BOLT WITH PLATE WASHER
The effect of a pretensioned bolt used in combination with a plate washer was also evaluated for
the diagonal crack model with 152 mm [6.0 in.] crack length and 25 mm [1.0 in.] hole diameter.
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The maximum principal stresses around the crack for the model with the plate washer and
pretensioned bolt, and for the diagonal crack-arrest hole model that did not includethe plate
washer & pretensioned bolt are shown in Figure 21. The results compared with the diagonal
crack-arrest hole model that did not include the plate washer& pretensioned bolt are presented in
Figure 22. The peak circular HSS for the model that included a plate washer and a pretensioned
bolt was found to be slightly higher than found from the crack-arrest hole model that did not
include the pretensioned bolt and plate washer. The peak HSS-1 magnitude obtained from the
model with an empty crack-arrest holewas slightly higher than the HSS-1 stress from the model
that includeda plate washer& pretensioned bolt. The HSS-2 values fromthe model that includeda
plate washer & pretensioned bolt and the model with empty crack-arrest holes weresimilar in
magnitude. Given these mixed findings,the effect of adding a plate washer & pretensioned bolt
did not appear to satisfactorily mitigate distortion induced fatigue concerns around the crack
arrest holes, or around the connection plate weld.
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(a)

(b)
(c)
Figure 21: (a) Maximum principal stress for diagonal crack-arrest hole model without plate washer&
pretensioned bolt; (b) Maximum principal stress for diagonal crack model with plate washer& pretensioned
bolt; (c) Maximum principal stress for diagonal crack model with plate washer& pretensioned bolt (plate
washer & pretensioned bolt are not shown)
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Figure 22: (a) Circular HSS comparison between diagonal crack-arrest hole model and the model with plate
washer& pretensioned bolt; (b) HSS-1 comparison between diagonal crack-arrest hole model and the model
with plate washer& pretensioned bolt; (c) HSS-2 comparison between diagonal crack-arrest hole model and
the model with plate washer & pretensioned bolt along the path
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CONCLUSIONS
Common knowledge has been that large diameter crack-arrest holes are more effective at halting
crack propagation under distortion-induced fatigue than small diameter crack-arrest
holes. However, because the cracks often occur in the girder webs at connection plate-to-web or
flange-to-web welds, drilling large diameter crack-arrest holes can produce stress concentrations
near welds in the vicinity. This study, which was focused on evaluating the effectiveness of
crack-arrest holes for various crack placements, crack lengths, and crack-arrest hole diameters
has led to the following conclusions:


The models showed that stress magnitudes were less for shorter crack lengths than for
longer crack lengths having the same size crack-arrest hole at the crack tip. This result is
in-line with engineering expectations and common knowledge. The reader is reminded
that the crack lengths reported in this paper include the either the hole diameter or hole
radius, depending on the hole placement (Figure 4).



In general, the weld around the connection plate was the most sensitive location when a
crack existed around the connection plate. In fact, the presence of a horseshoe-shaped
crack was consistently correlated with greater stress demands than other crack patterns.
When a horseshoe-shaped crack was combined with a crack at the web-to-flange weld,
the stress demands increased further. It was found that stresses at the connection plate
weld were reduced significantly (Figure 17) when a crack-arrest hole having a diameter
at least 25 mm (1 in.) was implemented. Diminishing returns were observed for crackarrest holes having diameters greater than 38 mm (1.5 in.). Therefore, while the trend
was to see decreasing stresses with increasing hole diameter for this crack placement,
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very large-diameter crack arrest holes may not be necessary, especially for shorter crack
lengths.


When the crack placement studied was diagonal (the crack extended out into the web
base material), larger crack-arrest hole diameters tended to correspond to increased stress
demands, especially stresses around the hole circumference. Therefore, for this crack
type, use of small diameter crack arrest holes appears to be more advisable than large
diameter holes.



When a crack along the web-to-flange weld was included in the model (with crack-arrest
holes at the crack tips), stress demands around that crack arrest hole tended to increase
nearly linearly with increasing hole diameter. Therefore, if a particular case of cracking
due to distortion-induced fatigue tends to be represented by significant cracking around
the web-to-flange weld, use of a small-diameter crack arrest hole may be better than use
of a larger hole.



Installing a pretensioned boltwith a plate washer did not result in performance that was
significantly better than simply drilling crack-arrest holes on reducing the hot spot stress
caused by the distortion-induced fatigue.

The findings of this study showed that crack-arrest hole placement (a function of crack
geometry), rather than crack-arrest hole diameter, has a much greater effect on the effectiveness
of the crack-arrest hole in mitigating distortion-induced fatigue. The results of this study are
expected to help guide engineers faced with repairing and retrofitting aging steel bridge
infrastructure susceptible to distortion-induced fatigue.
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The experimental findings corroborated the analytical results. From the results of
inspection, cracks never reinitiated from the crack-arrest holes. However, new cracks tended to
form along the stiffener-to-web weld a short distance from the holes. The holes provided a wider
area in the web for stresses to be distributed away from the stiffener. The experimental
investigation showed that a 51 mm [2.0 in.]diameter crack-arrest hole was effective in stopping a
horseshoe-shaped crack from propagating. However, since the stress demand at the connection
plate-to-web weld wasvery large, new cracks initiated along the stiffener-to-web weld at a small
distance away from the drilled holes.
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EVALUATION

OF

THREE COMPUTATIONAL TECHNIQUES

FOR

QUANTIFYING

DISTORTION-INDUCED FATIGUE CRACK PROPENSITY USING FINITE ELEMENT
ANALYSIS
H. Liu1, J.C. Przywara2, T.I. Overman3, C.R. Bennett*4, A.B. Matamoros5, S. T. Rolfe6

ABSTRACT
In many bridges built prior to 1985, distortion-induced fatigue near transverse connection plate
web-gaps is a serious problem. Retrofits aimed at mitigating the effects of distortion-induced
fatigue and stopping fatigue crack growth are constantly being analyzed both experimentally and
computationally. Traditional finite element analysis techniques often explicitly model web-gap
cracks and employ stress-based analysis techniques such as the Hot Spot Stress method in order
to evaluate retrofit performance. The recent implementation of the Extended Finite Element
Method (XFEM) in the finite element analysis software program Abaqus v.6.10 has enabled
more accurate crack modeling to be conducted as well as fracture mechanics-based analyses such
as the computation of J-Integrals and Stress Intensity Factors to be utilized. Using several crack
states modeled by the XFEM, the computation of Hot Spot Stress, J-Integrals, and Stress
Intensity Factors was used in simulations to analyze the performance of an angles-with-plate
retrofit with varying angle and back plate thickness. All three analysis techniques were able to
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determine that the addition of any angles-with-plate retrofit had the greatest positive effect at the
largest crack state modeled and the stiffest angles-with-plate retrofits were able to improve
performance the best. The findings from the experimental testing have been compared against
the results from the analytical components of this study.

INTRODUCTION
One of the major threats to the longevity of highway bridges is distortion-induced fatigue
cracking in the transverse connection plate web-gap regions of bridge girders. In many bridges,
a commonly-used detail to laterally transfer traffic loads and prevent lateral-torsional buckling
during construction involves attaching lateral bracing to transverse connection plates [1]. In
bridges built prior to 1985, these transverse connection plates were typically cut short of the
tension flange due to historic concerns of producing susceptibility to brittle fracture [2]. These
concerns arose from failures of European bridges early in the last century [3]. However, this
particular cross-bracing detail has accounted for the largest amount of fatigue-cracking in
surveys in 1994 [4] and 2003 [5].

The reason for this is that, when a particular girder

experiences greater bending deformation than an adjacent girder connected by this cross-bracing
detail, significant out-of-plane stress concentrations occur in the web-gap between the transverse
connection plate and either flange during each loading cycle. Thus, after numerous cycles,
fatigue cracks initiate and begin to propagate in these web-gap regions, ultimately decreasing the
fatigue life of the bridge.
There are a number of solutions currently utilized to mitigate the effects of distortioninduced fatigue in bridge girders. Most of these solutions attempt to reduce the stress demand in
the web-gap region by either making the connection plate-to-web connection more flexible or by
creating an alternate load path from the connection plate to the flange. One of the most common
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ways to provide an alternate load path around the web-gap is to weld or bolt angles between the
transverse connection plate and the adjacent girder flange.

Previous studies [6,7] have

experimentally investigated this detail, and a common conclusion was that performing this type
of repair on a top web-gap can require removal of portions of the concrete bridge deck. For this
reason, it is necessary to explore the effectiveness of other possible solutions.
One recently proposed solution is called the angles-with-plate retrofit technique. This
solution avoids the problems of having to remove a portion of the concrete bridge deck by
providing connectivity between the transverse connection plate and the girder web. A two-part
study [8, 9] investigated this retrofit technique applied to 2.7-m (9-ft) girder specimens through
computer simulations and experimental verification. Computer simulations showed that the
angles-with-plate retrofit was able to prevent distortion of the web-gap region and was able to
significantly reduce stresses in the web-gap region. The experimental portion of the study
observed that fatigue cracks propagated along the transverse connection plate-to-web welds and
the flange-to-web welds in the test girders and that the angles-with-plate retrofit was effective at
limiting fatigue crack growth in both crack locations.

OBJECTIVE AND SCOPE
The objective of this study was to evaluate three analysis techniques for determining the
effectiveness of the angles-with-plate distortion-induced fatigue retrofit: Hot Spot Stress
analysis, J-integrals, and Stress Intensity Factors. Previous computational studies aimed at
investigating the performance of the angles-with-plate distortion induced fatigue retrofit only
utilized the analysis technique of Hot Spot Stresses to quantitatively evaluate the effectiveness of
the angles-with-plate retrofit. Detailed finite element models of 2.7-m (9-ft) girder specimens
with the angles-with-plate retrofit were created using the commercially-available finite element
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modeling software Abaqus v.6.10 [10]. These models were simulated with cracks along both the
connection plate-to-web welds and the flange-to-web welds at varying lengths.

The three

analysis techniques were employed, compared against results from physical testing, and their
results are discussed in this paper.

FINITE ELEMENT MODELS
All finite element models discussed in this paper were based off of 2.7-m (9-ft) long
experimental girder-cross frame assemblies used in studies conducted at KU.

These

subassemblies were designed to exist as a segment of an external girder in a composite bridge.
In an actual bridge, the top flange of the girder would be restrained against lateral motion by the
bridge deck. This boundary condition was simulated in the subassembly by inverting the girder
and bolting the top flange (now on the bottom) to a series of channels connected to the laboratory
strong floor. When the top flange is referred to in this paper, it is the bottom flange on the
subassembly since the girder in the subassembly is inverted. One of the effects of supporting the
girder in this manner is that longitudinal bending of the girder was not allowed, leaving only outof-plane loads applied via the cross frame element. This type of stress field is assumed to be
representative of the behavior near inflection points in bridges or points where the bending
stresses due to live loads are very small compared to the stresses induced by out-of-plane forces.

MODELING METHODOLOGY
Detailed three-dimensional finite element models were created using the commercially-available
finite element modeling software Abaqus v.6.10 to simulate the behavior of the experimental test
girders. The girder specimens modeled in this study were 2.7-m (9-ft) long built-up I-sections,
with a 876-mm x 10-mm (34 ½-in. x 3/8-in.) web, a 279-mm x 16-mm (11-in. x 5/8-in.) top
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flange, and a 279-mm x 25-mm (11-in. x 1-in.) bottom flange. 5-mm (3/16-in.) fillet welds were
used to attach the flanges to the web. In the experimental set-up, the girders were inverted and
connected to the laboratory floor through a series of eight post-tensioned C310x45-mm (C12x30in.) channels and ten post-tensioned C130x13-mm (C5x9-in.) channels, which served to simulate
the presence of an axially stiff concrete deck. Three L76x76x10-mm (L3x3x3/8-in.) angles
constituting the cross frame were attached to two 305-mm x 191-mm x 10-mm (12-in. x 7 ½-in.
x 3/8-in.) gusset plates by 5-mm (3/16-in.) fillet welds, which were, in turn, bolted to a 876-mm
x 127-mm x 10-mm (34 ½-in. x 5-in. x 3/8-in.) connection plate. This connection plate was
welded all-around to the web with a 5-mm (3/16-in.) fillet weld but was not welded to either
flange. The opposite end of the three angles constituting the cross bracing were bolted to a
WT267x700-mm (WT10.5x27.5-in.) section. This was attached to an actuator connected to a
loading frame that could apply a vertical load to the cross frame. Two L76x76x10-mm
(L3x3x3/8-in.) angles were used to apply restraint to the girder ends in order to capture the
effects of girder continuity in a bridge. The opposite ends of these angles were bolted to a 3500mm (138-in.) long MC310x74-mm (MC12x50-in.) section which was attached to the loading
frame. The experimental girder subassembly and the finite element model of the subassembly are
shown in Figure 1.
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(a)

(b)

Figure 1: (a) Experimental girder subassembly and (b) the finite element model of the subassembly

Eight-node, cubic elements with 24 degrees of freedom each were used wherever
possible to model the physical geometry. In some instances, four-node, tetrahedral elements
having 12 degrees of freedom were utilized to conform to special geometric aspects of the set-up.
All fillet welds were modeled as right triangle cross-sections and tie constraints were used to
connect the fillet welds to the surfaces that they were bringing together. Additionally, surfaces
in the model expected to make contact with one another were assigned interaction properties
with a coefficient of friction of 0.35 to simulate hard contact. Finally, the actuator was modeled
with steel properties and an 86x86-mm (3.4x3.4-in) square cross-section with a length of 584
mm (23 in.). It was capable of moving in the vertical plane and a 22.2-kN (5-kip) linearly
progressing upward load was applied to it to simulate half of one cycle of the actual loading.
Each part in the finite element model was assigned material properties. All steel sections
and welds were modeled as isotropic, linear-elastic materials with an elastic modulus of 200,000MPa (29,000-ksi) and a Poisson’s ratio of 0.3. The laboratory floor was the only component of
the finite element models modeled as concrete, and it was simulated to be an isotropic, linearelastic material with an elastic modulus of 27,780 MPa (4,030 ksi) and a Poisson’s ratio of 0.2.
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EXTENDED FINITE ELEMENT METHOD (XFEM)
Two different methods can be used to simulate web-gap cracks in the computational models
created in the finite element modeling software Abaqus v.6.10. The first method involves
explicitly modeling the discontinuity created by the cracks by removing thin sections of elements
in the web at the crack locations. The second method utilizes components of the Extended Finite
Element Method (XFEM) theory embedded in Abaqus v.6.10, which can be used to model crack
discontinuities independent of the model mesh. In this study, cracks were simulated using
XFEM.
The XFEM concept was first published in 1999 [11] and was first implemented in version
6.9 of Abaqus. Modeling cracks using XFEM can simulate a crack discontinuity independent of
the finite element mesh geometry. In other words, cracks can be modeled as occurring through
individual elements as opposed to having to occur at element boundaries. XFEM accomplishes
this by enhancing the finite element approximation by adding discontinuous functions to the
solution at nodes in elements cut by a crack or a crack tip. Thus, three distinct sets of nodes are
used to approximate behavior in a cracked model [12]. These node sets are as follows:
(1) All nodes in the model domain;
(2) Nodes whose shape function support is intersected by a crack; and
(3) Nodes whose shape function support contains the crack front.
Subsequently, there are three different approximations for the displacement, U, for the
three sets of nodes in the model. The first of these approximations is applicable to all nodes in
the model and is represented by Equation 1:
U = UI = ∑𝑖𝜖𝐼 𝑢𝑖 𝑁𝑖
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(1)

where:
I = set of all nodes in the domain
ui = classical degrees of freedom for node i
Ni = shape function for node i
When there is an existing crack in a region of a model where crack initiation and
propagation is allowed, other approximations are utilized in addition to UI to obtain a refined
solution. One of these approximations represents a solution refinement to calculate the effect of
the discontinuity across a fully-developed crack. Equation 2 represents this refinement:
U = UI + UJ = UI + ∑𝑗𝜖𝐽 𝑏𝑗 𝑁𝑗 𝐻(𝑥) (2)

where:
J = set of nodes whose shape function support is cut by a crack
bj = jump in displacement field across the crack at node j
Nj = shape function for node j
H(x) = Heaviside jump function (+1 on one side of crack, -1 on other side)
The final approximation characterizes a solution refinement for the calculation of nodal
displacements around both crack tips. This is represented by the expression in Equation 3:
U = UI + UK1 + UK2 = UI + ∑𝑘𝜖𝐾1 𝑁𝑘 (∑4𝑙=1 𝑐𝑘𝑙1 𝐹𝑙1 (𝑥)) + ∑𝑘𝜖𝐾2 𝑁𝑘 (∑4𝑙=1 𝑐𝑘𝑙2 𝐹𝑙2 (𝑥))
where:
K1 = set of nodes whose shape function support contains one crack front
K2 = set of nodes whose shape function support contains the other crack front
Nk = shape function for node k
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(3)

ckl = additional degrees of freedom associated with crack-tip enrichment functions
Fl = crack tip enrichment functions
Any number of crack tip enrichment functions may be used to refine the approximation at
the crack tip. However, Abaqus v.6.10 only uses four enrichment functions, and these functions
are given in polar coordinates as presented in Equation 4:
𝜃

𝜃

𝜃

𝜃

Fl(r,θ) = {√𝑟𝑐𝑜𝑠 (2) , √𝑟𝑠𝑖𝑛 (2) , √𝑟𝑠𝑖𝑛 ( 2) 𝑠𝑖𝑛𝜃, √𝑟𝑐𝑜𝑠 ( 2) 𝑠𝑖𝑛𝜃}

(4)

Crack lengths and locations were chosen based on observed cracks in the experimental
specimen. As shown in Figure 2, cracks were observed to occur in two locations: around the
connection plate-to-web weld and along the flange-to-web weld. These will be referred to as
Type 1 crack and Type 2 crack respectively. In Abaqus v.6.10, the cracks were modeled using
XFEM as through-thickness cracks.

Type 1

Type 2

(a)

(b)

Figure 2: (a) Cracks on the experimental girder subassembly and (b) cracks modeled in the finite element
model of the subassembly
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FINITE ELEMENT ANALYSIS TECHNIQUES
Three analysis techniques were employed in this study to quantify results of the completed finite
element analyses and to evaluate the web-gap regions for fatigue damage potential. The first
technique, called the Hot Spot Stress (HSS) technique, involved the extrapolation of stresses to
approximate the complex stress state along weld toes in the web-gap region. The second
technique, the determination of J-Integrals, involved the interpolation of stress field information
from elastic regions to the plastic zones around crack tips to quantify the likelihood of crack
growth. The third technique, the determination of Modes I, II, and III Stress Intensity Factors
(SIFs), involved the application of an interaction integral to provide more descriptive
information about the likelihood of crack growth.

HOT SPOT STRESSES
The first analysis technique utilized was the Hot Spot Stress technique. A hot spot refers to a
point, such as would occur at a weld toe, where fatigue cracking is most likely to initiate, and the
Hot Spot Stress refers to the combined multi-directional stress at that point [13]. Since direct
stress computations are mesh-sensitive, and often the desired stresses occur within regions of
very significant stress gradients, Hot Spot Stresses are determined by extrapolating stresses at
adjacent elements sufficiently removed from the discontinuity, to reduce mesh sensitivity error.
A variety of methods exist to evaluate Hot Spot Stresses in finite element analyses [14], and
these methods have all proven to be somewhat sensitive to mesh geometry [15]. In this study,
the technique used was based on a one-point analysis procedure that extracts stress values at a
distance equal to half the web thickness away from the weld toe [16].
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As mentioned previously, observation of the experimental test girders showed that
distortion-induced fatigue resulted in two primary cracking patterns along welds in the bottom
web gap of the specimens. The first main crack formed a U-shape around the connection plateto-web weld (Type 1), while the second main crack ran horizontally along the flange-to-web
weld (Type 2). These cracks are shown in Figure 2. To apply the HSS technique along these
cracks in finite element models, peak stresses were extracted from paths offset 5-mm (0.2-in.)
from the weld toes. The path that was used to determine the first peak stress, at the Type 1
crack, followed the same U-shaped path around the connection plate-to-web weld a distance of
102-mm (4-in.) down both sides of the connection plate. The path to determine the second peak
stress, at the Type 2 crack, followed the same horizontal path along the flange-to-web weld for a
length of 203-mm (8-in.). Since the maximum principal stress distribution was found to have the
best correlation with the cracks observed from the experimental test girders (Figure 3), peak
maximum principal stress was taken along each of these paths to determine the two Hot Spot
Stresses.
It is important to note that the HSS technique described can be applied to cracks modeled
explicitly and to cracks modeled using XFEM, which is an advantage of this technique. When
the HSS data from the simulations was analyzed, as shown in Figure 4 (results for the 51-mm (2in.) horseshoe-shaped crack and 51-mm (2-in.) web-to-flange crack unretrofitted model), it was
found that the HSS “spiked” around the area of the crack tips, which has the potential to affect
the precision of the data comparison between each retrofit combination model. Therefore, peak
values were extracted a distance 3.8-mm (0.15-in.) away from the tips of crack to avoid extreme
stress gradient in those regions, as shown by the black boundary lines included in Figure 4.
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Figure 3: Agreement between observed experimental crack locations and peak maximum principal stress

(a)

(b)

Figure 4: (a) Hot spot stresses for Type 1 crack along the path for 51-mm (2-in.) horseshoe crack and 51-mm
(2-in.) horizontal crack unretrofitted model with black boundary lines; (b) Hot spot stresses for Type 2 crack
along the path for 51-mm (2-in.) horseshoe crack and 51-mm (2-in.) horizontal crack unretrofitted model
with black boundary lines

J-INTEGRALS
The second analysis technique utilized was the computation of J-Integrals. Since significant
yielding may occur directly surrounding a crack tip, also known as a plastic zone, it is difficult to
quantify the fracture characteristics of the crack directly. A linear-elastic model does a poor job
of computing the actual stress-strain behavior at the crack tip because of this plastic zone. A JIntegral is intended as a method to infer the stress-strain behavior at the crack tip by finding the
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stress-strain behavior in an elastic region sufficiently removed from the plastic zone around the
crack tip [17].

An advantage of this technique is that the computations are performed

automatically by Abaqus v.6.10 when XFEM is utilized.

Abaqus v.6.10 performs this

calculation by taking a surface integral that encloses the crack front from one crack surface to the
other and is represented by the following mathematical expression:

𝐽(𝑠) = lim𝛤→0 𝑐𝑙 (𝑠) ∫𝛤(𝑠)(𝑊𝛿𝑙𝑗 − 𝜎𝑖𝑗 𝑢𝑖,𝑙 )𝑛𝑗 𝑑𝛤

(5)

Wheres is some point along the crack front, Γ is any contour surrounding the crack, W is
the loading work per unit volume, and σij is the stress field [18]. The loading work per unit
volume, W, is represented by the following expression:
𝜀

𝑊 = ∫0 𝜎𝑑𝜀

(6)

Since linear-elastic behavior was assumed for steel in this study, the J-Integral computed
is the same as the strain energy release rate per unit crack extension, G. Therefore, a J-Integral
parameter, JI, can be defined as the energy required togrow a crack and can be related to the
Mode I stress intensity factor, ΔKI, by the following expression:

𝐽𝐼 = 𝐺𝐼 =

(1−𝑣 2 )∆𝐾𝐼2
𝐸

(7)

WhereE and v are the elastic modulus and Poisson’s ratio, respectively, and were taken as
200,000 MPa (29,000 ksi) and 0.3. Rearranging Equation 7 enables the computed J-Integrals to
be converted into Mode I stress intensity factors, which can subsequently be compared with the
threshold stress intensity factor ΔKTH and the critical stress intensity factorΔKIC.
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STRESS INTENSITY FACTORS
The final analysis technique used in this study was the evaluation of Mode I, II, and III stress
intensity factors: ΔKI, ΔKII, and ΔKIII. Specifically, a stress intensity factor is the susceptibility
of a material to failure ahead of a sharp crack, with a higher stress intensity factor indicating that
material failure ahead of the crack tip is more likely. Modes I, II, and III indicate the local
deformation behavior ahead of the crack tip. Mode I indicates tensile opening of the crack
surfaces, Mode II indicates in-plane shear or sliding of the crack surfaces, and Mode III indicates
out-of-plane shear or tearing of the crack surfaces. These modes of fatigue loading are illustrated
in Figure 5.

(a)

(b)

(c)

Figure 5: Crack opening (a) Mode I, (b) Mode II, and (c) Mode III

The computations of the stress intensity factors can also be performed automatically in
Abaqus v.6.10. Abaqus uses an interaction integral method to extract the Mode I, II, and III
stress intensity factors by relating the real and auxiliary stress fields [19]. The interaction
integral is given by the following expression:

𝑎𝑢𝑥
𝑎𝑢𝑥
𝐼(𝑠) = lim𝛤→0 𝑐𝑙 (𝑠) ∫𝛤(𝑠)(𝜎𝑖𝑘 𝜀𝑖𝑘
𝛿𝑙𝑗 − 𝜎𝑖𝑗 𝑢𝑖,𝑙
− 𝑢𝑖,𝑙 𝜎𝑖𝑗𝑎𝑢𝑥 ) 𝑛𝑗 𝑑𝛤

- 101 -

(8)

Whereσijaux is the auxiliary stress field, εijaux is the auxiliary strain field, and uiaux is the
auxiliary displacement field. Abaqus computes the interaction integral and then substitutes the
definitions of the actual and auxiliary fields into Equation 9 to yield an expression for the
interaction integral in terms of the actual and auxiliary Mode I, II, and III stress intensity factors:

𝐼(𝑠) =

2(1−𝑣 2 )
𝐸

1

𝑎𝑢𝑥
(𝛥𝐾𝐼 𝛥𝐾𝐼𝑎𝑢𝑥 + 𝛥𝐾𝐼𝐼 𝛥𝐾𝐼𝐼𝑎𝑢𝑥 ) + 𝛥𝐾𝐼𝐼𝐼 𝛥𝐾𝐼𝐼𝐼
𝐺

(9)

To determine ΔKI, ΔKIaux was set to 1 while ΔKIIaux and ΔKIIIaux were set to 0 [20]. ΔKII
and ΔKIII were determined in the same manner.
Computing the Mode I, II, and III stress intensity factors for the material around a crack
can provide descriptive information about the contribution of different modes of loading.
However, when stress intensity factors are recorded to describe the properties of a material, they
are usually provided for ΔKI, assuming that loading is only contributed by Mode I. Therefore,
certain relationships must be applied to quantify the additional contribution of ΔKII and ΔKIII.
Since the steel in this study was assumed to be a homogeneous isotropic material, the expression
shown in Equation 10 [21, 22] can be used to compute the J-Integral in terms of ΔKI, ΔKII, and
ΔKIII:

𝐽=

(1−𝑣 2 )
𝐸

(∆𝐾𝐼2 + ∆𝐾𝐼𝐼2 ) +

1
2𝐺

2
∆𝐾𝐼𝐼𝐼

(10)

Where E is the elastic modulus, v is Poisson’s ratio, and G is the shear modulus [20, 21].
The shear modulus was taken equal to 79,300 MPa (11,200 ksi) for this study. Applying
Equation 7, the J-Integral computed with Equation 10 can be converted into a Mode I stress
intensity factor, ΔKI, which subsequently can be compared against ΔKTH and ΔKIC. Thus, this
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allows the Mode I, II, and III stress intensity factors at a crack to be analyzed as single stress
intensity factor.
It is important to ensure that the contour integral taken for the determination of the JIntegral and K factors does not include the plastic zone around the crack tip. Integrals were
automatically computed as output parameters by Abaqus v.6.10 for the contours surrounding
each crack tip in the model. The first contour taken was the shortest path around the crack tip to
conform to the mesh and each subsequent contour was the next shortest path around the crack tip
that conformed to the mesh. Figure 6 shows an example of contours around a crack tip in twodimensions. A convergence study for J-Integral and K factors for the unretrofitted models with
102-mm (4-in.) Type 1 and 203-mm (8-in.) Type 2 cracks was performed in the elastic zone.
Figure 7 shows an example of the results for the convergence study which is the J-Integral value
for 203-mm (8-in.) long crack. The mesh size around the crack tip was 0.64-mm (0.03-in). The
data started to converge from contour 5. At the fifth contour, sixteen J-Integral values and K
factors were produced since the modeled webs were fifteen elements (sixteen nodes) thick. Data
for the first, second, fifteenth and sixteenth contour were not considered because those data were
impacted by the contact constraint between the web and the angles & back plate. Finally, these
twelve through-thickness values at the fifth contour were averaged for the final result.
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XFEM Crack

First Contour
Integral

Crack Front
Second Contour

Third Contour

Integral

Integral

Figure 6: Example of how contour integrals are taken in a finite element mesh

No Retrofit - 8 in Crack - J-Integral
1.2

Through-thickness Node 1

J-Integral (kip/in)

1

Through-thickness Node 4

0.8

Through-thickness Node 8

0.6

Through-thickness Node 12
Through-thickness Node 16

0.4

Through-thickness Node 2
0.2
Through-thickness Node 3
0
0

2

4

6

Contour

Figure 7: Example of Convergence study for J-Integral and K factors for the unretrofitted models with 102mm (4-in.)Type 1 and 203-mm (8-in.) Type 2 cracks

- 104 -

FATIGUE CRACK PROPAGATION THEORY
Understanding the theory of fatigue crack propagation is important when conducting a finite
element analysis to determine fatigue susceptibility. Fatigue crack propagation occurs in three
stages, generalized in Figure 8.

log

𝑑𝑎
𝑑𝑁

I

III

II

∆𝐾𝑇𝐻

∆𝐾𝐶

log ∆𝐾

Figure 8: Logarithmic plot of typical fatigue crack growth rate vs. stress intensity factor range

Figure 8 is a logarithmic plot of the crack growth rate, da/dN, versus stress intensity
factor range, ΔK. In Stage I, cracks propagate on the microscopic level. Crack growth in this
stage is difficult to predict since it is driven by shear and interacts with the microstructure of the
material. In fact, it is possible that cracks do not grow at all in fatigue during this stage [17].
Stage II crack growth is marked by a change to macroscopic, tension-driven crack growth, which
is insensitive to microstructure effects. This stage of fatigue crack growth is very well known
and is commonly modeled by Paris’ law [23]. This law relates crack growth rate with the stress
intensity factor range and is given by the following expression:
𝑚
𝑑𝑎⁄
𝑑𝑁 = 𝐴(∆𝐾)
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(11)

WhereA andm are material’s constants. When plotted logarithmically as in Figure 8, this
appears linearly. In the final stage of crack growth, Stage III, crack growth rates accelerate and
eventually lead to unstable fracture. Behavior of cracks characterized by this stage of growth is
difficult to predict, since crack growth rates are accelerating exponentially.
The important material parameters in regards to fatigue crack growth are the threshold
stress intensity factor, ΔKTH, and the critical stress intensity factor, ΔKIC. The threshold stress
intensity factor, ΔKTH, represents the boundary between Stage I and Stage II crack growth.
Below ΔKTH, macroscopic fatigue crack growth will not occur. This value is dependent on the
load ratio, R, where the relationship between ΔKTH and R is given by Barsom and Rolfe [16]. In
this study, the specimen is loaded from 0 to 22.2-kN (5-kip), therefore the load ratio is 0 and,
subsequently, the threshold stress intensity factor for this study is 6.0 MPa-m1/2 (5.5 ksi-in1/2).
The critical stress intensity factor represents the boundary between Stage II and Stage III crack
growth and is the maximum value for which Paris’ law for crack growth is applicable. As a
material parameter, the critical stress intensity factor is also known as the fracture toughness
[17]. For steel, the fracture toughness can vary even between steels of the same grade. AASHTO
requires a minimum ΔKIC for fracture critical members of 82 MPa-m1/2(75 ksi-in1/2) [24]. Stress
intensity factors above this value indicate unstable crack growth and the potential for fracture.

RESULTS AND DISCUSSION
Finite element analyses performed using Abaqus v.6.10 of 2.7-m girder (9-ft) subassemblies
utilized several different types of crack combinations to evaluate the performance of the angleswith-plate retrofit previously evaluated through experimental study. As discussed, these cracks
were simulated using XFEM capabilities embedded within Abaqus and were modeled as
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through-thickness. As shown in Figure 2, U-shaped cracks were modeled along the connection
plate-to-web weld and are referred to as Type 1 cracks, while horizontal cracks were modeled
along the flange-to-web weld and are referred to as Type 2 cracks. Four different combinations
of Type 1 and Type 2 cracks were employed in this study: 13-mm (1/2-in.) Type 1 and 13-mm
(1/2-in.) Type 2 cracks, 25-mm (1.0-in.) Type 1 and 25-mm (1.0-in.) Type 2 cracks, 51-mm (2.0in.) Type 1 and 51-mm (2.0-in.) Type 2 cracks, and 102-mm (4.0-in.) Type 1 and 203-mm (8.0in.) Type 2 cracks. It should be noted that the length of the horseshoe-shaped, Type 1 crack
refers to the length of one leg of the “U” shape.

Table 1: Naming convention for retrofit combinations used in this study

Back Plate Thickness

Angle Thickness
6-mm (1/4-

13-mm (1/2-

25-mm (1.0-

in)

in)

in)

NR

---

---

---

6-mm (1/4-in)

---

F-F

M-F

S-F

13-mm (1/2-in)

---

F-M

M-M

S-M

25-mm (1.0-in)

---

F-S

M-S

S-S

Dimension

0

0

Table 2: Summary of crack combinations and retrofits applied

Combination #1

Combination #2

Combination #3

Combination #4

Type 1 Crack

13-mm (1/2-in.)

25-mm (1-in.)

51-mm (2-in.)

102-mm (4-in.)

Type 2 Crack

13-mm (1/2-in.)

25-mm (1-in.)

51-mm (2-in.)

203-mm (8-in.)

Retrofits

All

All

All

All
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For each of these crack combinations, nine variations of the angles-with-plate retrofit
were investigated, and one additional simulation was examined with no retrofit to serve as a
baseline against which the level of improvement provided by the retrofits could be evaluated.
These simulations were compared with the experimental results of angles-with-plate retrofits.
Thickness of the angles and backing plate were varied such that the nine variations studied used
all combinations of 178-mm (7-in.) long L152x127x6-mm (L6x5x1/4-in.), L152x127x13-mm
(L6x5x1/2-in.), and L152x127x25-mm (L6x5x1-in.) angles connecting the web to each side of
the connection plate, and 457x203x6-mm (18x8x1/4-in.), 457x203x13-mm (18x8x1/2-in.), and
457x203x25-mm (18x8x1-in.) plate on the other side of the web from the angles. Table 1
summarizes the naming convention used for the retrofit combinations and Table 2 summarizes
the crack combinations investigated. The retrofit naming convention can be interpreted as
follows: the first letter F, M or S represents the thickness of angels as either6-mm (1/4-in.), 13mm (1/2-in.)or 25-mm (1.0-in.), respectively. The second letter in the name(F, M or S)
represents the thickness of back plate as either6-mm (1/4-in.), 13-mm (1/2-in.)or 25-mm (1.0-in.),
respectively. Figure 9 shows the angles & back plate as applied to a test girder as well as a sketch
of the retrofits. The findings from these simulations are discussed in the following sections.
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(a)

(b)

(c)

Figure 9: (a) Angles-with-plate retrofit applied to a test girder (stiffener side), (b) Angles-with-plate retrofit
applied to a test girder (fascia side) and (c) Sketch of the angles-with-plate retrofit

EXPERIMENTAL RESULTS
In a previous study, an angles-with-plate retrofit consisting of a 178-mm (7-in.) long
L152x127x19-mm (L6x5x3/4-in.) angle and a 457x203x19-mm (18x8x3/4-in.) backing plate
was applied to a 2.7-m (9-ft) subassembly with cracks along the stiffener-to-web weld (Type 1
crack) and flange-to-web weld (Type 2 crack) in the bottom web-gap [8]. This retrofit was used
for four different trials of 1.2 million fatigue cycles, each of which had different Type 1 and
Type 2 crack lengths. The Type 1 crack, however, was much more complex than a simple “U”
shape. It did progress along both sides of the stiffener-to-web weld, albeit at different rates, and
it also branched horizontally into the web on both sides of the stiffener. The vertical crack
branches along the weld will be referred to as “Vertical” and the horizontal branches into the
web will be referred to as “Spider.” Table 3 shows a summary of the cracks during each trial.
As shown in the table, there was no observed crack propagation in the bottom web-gap during
each 1.2 million cycle trial with the angles-with-plate retrofit applied. In the trials with no
retrofit applied, there was clearly observed crack propagation in a significantly less number of
cycles.
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Table 3: Bottom web-gap crack growth for angles-with-plate retrofit applied to 2.7-m (9-ft) subassembly

Retrofit

Number of

Applied

Cycles

No

Type 1 Crack, mm (in.)

Type 2 Crack,
mm (in.)

Vertical-R

Spider-R

Vertical-L

Spider-L

349,000

51 (2)

13 (0.5)

44 (1.75)

13 (0.5)

51 (2)

Yes

1,549,000

51 (2)

13 (0.5)

44 (1.75)

13 (0.5)

51 (2)

No

1,620,700

51 (2)

19 (0.75)

51 (2)

19 (0.75)

102 (4)

Yes

2,820,700

51 (2)

19 (0.75)

51 (2)

19 (0.75)

102 (4)

No

3,142,700

70 (2.75)

30 (1.19)

52 (2.06)

22 (0.88)

152 (6)

Yes

4,342,700

70 (2.75)

30 (1.19)

52 (2.06)

22 (0.88)

152 (6)

No

4,617,700

83 (3.25)

37 (1.44)

64 (2.5)

22 (0.88)

206 (8.1)

Yes

5,817,700

83 (3.25)

37 (1.44)

64 (2.5)

22 (0.88)

206 (8.1)

HOT SPOT STRESSES
The first analysis technique utilized in each of the simulations was the Hot Spot Stress technique.
Figure 10 shows the computed Hot Spot Stresses as compared to the Type 1 crack lengths and
the Type 2 crack lengths respectively (it is important to remember that Type 1 and Type 2 cracks
were modeled as occurring together, as described previously). The hot spot stresses taken at the
most flexible retrofit, the F-F retrofit (6-mm (1/4-in.) thick angle, 6-mm(1/4-in.) thick back
plate), and at the stiffest retrofit, the S-S retrofit (25-mm (1-in.), 25-mm (1-in.)), are shown on
these plots compared against the hot spot stresses extracted from the model with no retrofit. For
the scenario in which there was no retrofit, Figure 10 shows that the hot spot stresses increased
significantly for longer crack combinations.
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Figure 10: (a) Hot Spot Stress at Type 1 crack with no retrofit, F-F retrofit, and S-S retrofit; (b) Hot Spot
Stress at Type 2 crack with no retrofit, F-F retrofit, and S-S retrofit
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The hot spot stresses computed in simulations that were representative of girders
retrofitted with the angles-with-plate technique (including the entire range of retrofit stiffness
studied) indicated an improvement over those simulations of a girder with no retrofit. For the
stiffest retrofit, the computed hot spot stresses at each crack were approximately constant
regardless of the crack combination. The difference between the hot spot stresses for the most
flexible retrofit and the hot spot stresses for the models with no retrofit increased with increasing
crack length. Thus, the level of improvement imparted by the retrofit tended to increase with
increasing crack length. The stiffest retrofit (stiff angles used in combination with a stiff back
plate) was significantly more effective in reducing hot spot stresses than the most flexible
retrofit. Comparing the hot spot stresses for the simulations of a girder without cracks and
without retrofits with the hot spot stresses for each retrofit variation and each crack combination,
the hot spot stresses for the stiffest retrofit were even smaller than the hot spot stress for the
models with no cracks and with no retrofit. This finding indicated that the stiffest retrofit was
significantly effective.
Some of the retrofits were more effective in reducing hot spot stresses than others.
Figure 11 shows the improvement in hot spot stresses in all retrofit simulations at the Type 1 and
Type 2 cracks, respectively. As noted previously, the level of improvement was more significant
for larger crack combinations. Additionally, it can be observed that the stiffer retrofits had the
tendency to provide a much greater reduction in hot spot stresses than the more flexible ones.
The best performing retrofit at each crack was the S-S retrofit (25-mm (1-in.) angles, 25-mm (1in.) plate), while the worst performing retrofit was the F-F retrofit (6-mm (1/4-in.), 6-mm (1/4in.)). It can also be seen that the hot spot stresses at the web-to-flange weld (hot spot stresses for
Type 2 crack) exhibited greater sensitivity to the level of retrofit stiffness than the Type 1 crack.
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Figure 11: (a) Hot Spot Stress performance of each retrofit combination at Type 1 crack; (b) Hot Spot Stress
performance of each retrofit combination at Type 2 crack
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J-INTEGRALS
While higher values for maximum principal stress usually indicate a higher propensity for crack
growth, higher values for J-Integrals do so by definition. Thus, the second analysis technique
used in each of the simulations was the computation of J-Integrals. As mentioned previously,
this was accomplished by the automatic calculation of contour integrals around each crack-tip in
a particular simulation. Figure 12 shows the computed J-Integrals compared against Type 1 and
Type 2 cracks, respectively. The J-Integrals taken at the most flexible retrofit and at the stiffest
retrofit are shown on these plots compared against the J-Integrals taken with no retrofit. The
difference of J-Integrals for the unretrofitted models and retrofitted models decreased as crack
lengths decreased. This finding indicated that the level of improvement experienced due to the
retrofits decreased as crack lengths decreased.It also can be seen that the J-Integral magnitudes
increased when the crack lengths increased. With no retrofit, the largest crack combination
clearly produced the greatest J-Integrals. The J-Integrals computed for both the stiffest and most
flexible retrofits indicated an improvement for the largest crack combination, thus predicting that
little or no crack propagation would occur. This confirmed the experimental results from [8] at
the largest crack combination.
However, at the other three crack combinations, the improvements in the J-Integrals were
significantly less, and in some cases minimal, with the addition of the retrofits. In fact, the JIntegrals computed at 13-mm (1/2-in.), 25-mm (1-in.),and 51-mm (2-in.) Type 1 cracks indicated
a greater propensity for cracking after the application of the F-F retrofit (6-mm (1/4-in.), 6-mm
(1/4-in.)). This was not supported by the experimental results in [8], where no crack propagation
occurred with the addition of the retrofit under any crack combination. However, a possible
explanation for this discrepancy is that the 13-mm (1/2-in.) Type 1 and 13-mm (1/2-in.) Type 2
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crack combination as well as the 25-mm (1-in.) Type 1 and 25-mm (1-in.) Type 2 crack
combination were significantly smaller than the cracks in any of the experimental trials. In fact,
even the 51-mm (2-in.) Type 1 and 51-mm (2-in.) Type 2 crack combination was smaller than
any of the experimental trials when the spider cracks as part of the Type 1 crack were factored
in.
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Figure 12: (a) J-Integrals at Type1 crack with no retrofit, F-F retrofit, and S-S retrofit; (b) J-Integrals at
Type 2 crack with no retrofit, F-Fretrofit, and S-S retrofit

As discussed previously, fatigue and fracture concepts and laws can be applied to the
computed J-Integral values. Thus, instead of just tracking the improvement in J-Integral values
with the addition of various retrofits, more qualitative information can be obtained. Figure 13
shows the computed J-Integral values at the Type 1 and Type 2 cracks, respectively, converted
into equivalent Mode I stress intensity factors. In both of these plots, the equivalent Mode I
stress intensity factors, ΔKI,eq, can be compared with the threshold stress intensity factor, 6.0
MPa-m1/2 (5.5 ksi-in1/2), and the critical stress intensity factor, at least 82 MPa-m1/2 (75 ksi-in1/2)
[17].
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Figure 13: (a) Equivalent Mode I Stress Intensity Factors at Type 1 crack based on J-Integral computation;
(b) Equivalent Mode I Stress Intensity Factors at Type 2 crack based on J-Integral computation
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From Figure 13, the level of improvement experienced due to the retrofits increased as
crack lengths increased and the stiffer retrofits had the tendency to provide a greater reduction in
Mode I stress intensity factors ΔKI,eqthan the more flexible ones.Except for the of S-S retrofit
(25-mm (1-in.), 25-mm (1-in.)), S-M retrofit (25-mm (1-in.), 12-mm (0.5-in.)) and M-S retrofit
(12-mm (0.5-in.), 25-mm (1-in.)), the values for ΔKI,eqwere all significantly larger than ΔKTH,
which would indicate that crack growth should continue even with the angles-with-plate retrofits
applied. Once again, these results were not supported by the experimental results from [8]. For
the S-S retrofit (25-mm (1-in.), 25-mm (1-in.)), S-M retrofit (25-mm (1-in.), 12-mm (0.5-in.))
and M-S retrofit (12-mm (0.5-in.), 25-mm (1-in.)), the values for ΔKI,eqweresmaller than ΔKTH,
which would indicate that little or no crack propagation would occur. This confirmed the
experimental results from [8] with the angles-with-plate retrofits applied.

STRESS INTENSITY FACTORS
The automatic calculation of contour integrals around XFEM crack-tips in Abaqus allowed for
the computation of J-Integrals as discussed in the previous section. This capability also allowed
for the computation of Mode I, Mode II, and Mode III stress intensity factors via the computation
of an interaction integral. It is important to point out that this is a different computation than the
one performed for J-Integrals, and that the Mode I stress intensity factor determined through this
method is not the same as the equivalent Mode I stress intensity factor determined using the JIntegrals (also, the equivalent Mode I stress intensity factor based on all three modes is not the
same either). The computation of Mode I, Mode II, and Mode III stress intensity factors showed
how much of an effect the out-of-plane deformation had on fatigue crack propagation for
unretrofitted models as well as how much the retrofits were able to mitigate the three
deformation modes. Figure 14 shows the Mode I, Mode II, and Mode III stress intensity factors
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compared against the Type 1 and Type 2 cracks, respectively, for the unretrofitted models as
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well as the most flexible (F-F retrofit) and the stiffest (S-S retrofit) angles-with-plate retrofits.
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Figure 14: (a) K1, K2, andK3 at Type 1 crack for no retrofit, F-F retrofit, and S-S retrofit; (b)K1, K2, and K3
at Type 2 crack for no retrofit, F-F retrofit, and S-S retrofit

When analyzing the results for the unretrofitted simulations, it was apparent that Mode I
(opening) for the simulations at the Type 2 crack and Mode III (out-of-plane shear) for the
simulations at the Type 1crack were dominant modes. Mode II (in-plane shear) appeared to have
a more significant impact in the simulations at the Type 1 crack and the Type 2 crack for all
crack combinations with increasing the crack lengths. This would make sense based on observed
deformation in unretrofitted web-gaps. When analyzing results for the most flexible and stiff
retrofits, the retrofits once again seemed to have the largest positive effect for the largest crack
combination. These results matched the general trends seen in the J-Integral analysis.
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Since the retrofits had the greatest positive impact for the largest crack combination, it is
important to note the effect that the retrofits had on each stress intensity factor mode at the
largest crack combination. The addition of the most flexible retrofit enabled a reduction in the
Mode II stress intensity factors at the Type 1 crack, while having worse impact on the Mode I
and Mode III stress intensity factors, which was not supported by the experimental results. The
stiffest retrofit reduced each stress intensity factor mode significantly, decreasing it to close to
zero. Both the flexible and stiff retrofits had a remarkably positive effect on the Mode I, Mode II
and Mode III stress intensity factors at the Type 2 crack.
For all simulations, the computation of the Mode I, Mode II, and Mode III stress intensity
factors enabled fatigue and fracture principles to be applied in order to gain more quantitative
information about fatigue crack growth under distortion-induced fatigue. Figure 15 shows the
computed Mode I, Mode II, and Mode III stress intensity factors at the Type 1 and Type 2
cracks, respectively, converted into equivalent Mode I stress intensity factors, ΔKI,eq.
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Figure 15: (a) Equivalent Mode I Stress Intensity Factors at Type 1 crack based on K1, K2, K3 computation;
(b) Equivalent Mode I Stress Intensity Factors at Type 2 crack based on K1, K2, K3 computation
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For the Type 1 crack, the simulations indicated that the addition of the three retrofits with
stiff angles (S-S, S-M, and S-F) for the longest crack combination and the S-S retrofit for the 51mm (2.0-in) Type 1 crack and 51-mm (2.0-in) Type 2 crack combination produced values for
ΔKI,eq that were less than ΔKTH, indicating retrofit effectiveness. For the Type 2 crack, the
addition of the S-S and M-S retrofits for the longest crack combination and the S-S and S-M
retrofits for the two smallest crack combinations and the S-S, S-M, S-F, and M-S retrofits for
the51-mm (2.0-in) Type 1 crack and 51-mm (2.0-in) Type 2 crack model produced ΔKI,eq values
that were less than ΔKTH. These findings indicate that little or no fatigue crack growth would
occur for these combinations, resulting in a favorable comparison with the experimental results.
However, other retrofits combinations did not appear to have a positive effect, specifically, the
results for some F-F and F-M retrofits cases, predicted that crack propagation would likely occur
at a high rate even under the applied retrofits.
As also indicated by the J-Integral analysis, the computation of Mode I, Mode II, and
Mode III stress intensity factors indicated that the addition of the angles-with-plate retrofits had
the greatest impact for the largest crack combination (102-mm (4.0-in) Type 1 crack, 203-mm
(8.0-in) Type 2 crack). The addition of the retrofits with flexible angles (F-F, F-M, and F-S) at
the Type 1 crack and the retrofits with flexible back plates (F-F, M-F, and S-F) at the Type 2
crack did not have a significant impact compared with the other retrofits. As also shown through
the Hot Spot Stress analysis and the J-Integral analysis, the stiffer retrofits had the tendency to
provide a greater reduction in Mode I stress intensity factors ΔKI,eq than the more flexible ones.

CONCLUSIONS
The implementation of the Extended Finite Element Method (XFEM) for modeling cracks in
Abaqus has enabled more detailed analyses to be performed in investigating distortion-induced
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fatigue and retrofits aimed at mitigating distortion-induced fatigue. This has made it possible to
implement analysis techniques such as the computation of J-Integrals and the computation of
Mode I, Mode II, and Mode III stress intensity factors to evaluate performance. Along with the
Hot Spot Stress analysis, these techniques were used to computationally analyze a 2.7-m (9-ft)
girder subassembly experiencing fatigue cracking due to distortion-induced fatigue. Angleswith-plate retrofits with varying angle thickness and varying back plate thickness were
implemented in the finite element models of this subassembly, and their performance was
evaluated at several different crack states. The results of these simulations were compared with
observations from a previous experimental study. Based on the results of this parametric study,
several conclusions have been reached:


Each of the three analysis techniques showed that the addition of the angles-with-plate
retrofits had the greatest positive effect for the largest crack combination analyzed.



Each of the three analysis techniques showed that increasing retrofit stiffness
corresponded with greater effectiveness at reducing hot spot stresses for both Type 1 and
Type 2 cracks.



The Hot Spot Stress analysis found better improvement with the addition of retrofits at
the smaller crack combinations than other analysis techniques. Thus, the results from the
Hot Spot Stress analysis were most similar to the experimental observations.



Both the J-Integral analysis and Stress Intensity Factor analysis predicted considerable
crack propensity, and in some cases even unstable crack growth, at smaller crack
combinations even with the addition of retrofits.
different from experimental observations.
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These results were significantly



The Stress Intensity Factor analysis was effective at determining the contribution of each
of Mode I, II, and III crack growth modes to overall crack growth. Mode I and Mode III
both contributed significantly, while Mode II only contributed minutely.
A key advantage of the Hot Spot Stress analysis technique was that the results were very

similar to the experimental observations, and the stresses were more independent from the mesh
than the J-Integral analysis and Stress Intensity Factor analysis techniques. A disadvantage of the
HSS analysis technique was that maximum principal stresses tended to show extremely severe
stress gradients around the crack tips which affected the accuracy of the data comparison
between different retrofit combinations. To solve this problem, peak maximum principal stresses
were extracted a distance 3.8-mm (0.15-in.) away from the tips of the cracks to avoid the data
spikes. This method improved the accuracy of data comparison between each retrofit
combination model.
The advantage of the J-Integral and Stress Intensity Factor analysis techniques is that the
J-Integral values and the Stress Intensity factors can be automatically computed as output
parameters by Abaqus v.6.10 for the contours surrounding each crack tip in the model. However,
consequent to this, a contour convergence study was necessitated in the elastic zone around the
crack tips since the results can be expected to be affected by mesh size.
Based upon the finding of this study, the Hot Spot Stress analysis technique is
recommended for the problem of distortion induced fatigue over the other two techniques
studied.
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CONCLUSION
This dissertation has presented three separate investigations aimed at evaluating fatigue retrofit
effectiveness. The three retrofit techniques studied were a CFRP overlay for tensile (in-plane)
fatigue, crack-arrest holes under distortion-induced fatigue, and an angles-with-plate retrofit
under distortion-induced fatigue used as a means to assess various analysis techniques (hot spot
stress, J-integral, and stress intensity factors).
Given that the three techniques studied tend to occupy different “niches” in terms of
fatigue repair applicability, the suite of investigations presented in this volume will be useful in a
broad range of applications, and thus represent a significant contribution to the various literature
on repairing fatigue damage in steel bridges. In addition to providing specific recommendations
to engineers and researchers for applying effective retrofits, one of the three studies provided
guidance on the selection of techniques for best analyzing the problem of distortion-induced
fatigue in the context of finite element modeling.
To provide greater context to the results reported in Parts 2 - 4, a short comparative
exercise was performed to examine the relative performance of crack-arrest holes with
pretensioned bolts against the angle-with-plate repair when both were loaded under distortioninduced fatigue. The effects of this addition were studied in the FE model described in Part 3 of
this dissertation that included a horseshoe-shaped and web-to-flange crack with 102 mm [4 in.]
horseshoe-shaped crack length and 203 mm [8 in.] web-to-flange crack length. As shown in
Figure 1, the girder was a single 3.0 m [10 ft] long by 1.52 m [5.0 ft] deep simply-supported steel
girder section. The angles were L152x127x13-mm [L6x5x1/2-in.] connecting the web to each
side of the connection plate, and the backing plate was a 457x203x13-mm [18x8x1/2-in.] plate
on the other side of the web from the angles (M-M retrofit). The material used for the angles,
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backing plate and bolts was steel (elastic modulus was 200,000 MPa [29,000 ksi] and Poisson’s
ratio was 0.3).
A 41.4 MPa [6.0 ksi] pressure load was placed over a 12 mm [1/2 in.] width at the center
of the top flange, to simulate the maximum design truck load over this girder section. An 18.2
kN [4.1 kip] point load was placed 105 mm [4.1 in.] from the top of stiffener at the center of the
exterior face of the stiffener, 127 mm [5.0 in.] from the interior surface of the web. The load was
directed perpendicular to the surface and pointed away from the girder. A 12.8 kN [2.87 kip]
point load was placed at the same location as the 18.2 kN [4.1 kip] point load. This load was
directed parallel to the surface and pointed toward the bottom flange. A corresponding 18.2 kN
[4.1 kip] point load and a 12.8 kN [2.9 kip] point load was placed 105 mm [4.1 in.] from the
bottom of stiffener at the center of the exterior face of the stiffener, 127 mm [5.0 in.] from the
interior surface of the web. These force couples, shown in Figure 2, model the out-of-plane
forces induced by cross-frame connections during bending deformation.
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(a)

(b)

(c)

Figure 1: (a) Girder section finite element model geometry; (b) Angles on the front side of the girder; (c)
Backing plate on the fascia side of the girder
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41.4-MPa (6.0-ksi)
18.2-kN (4.1-kip)
12.8-kN (2.9-kip)

18.2-kN (4.1-kip)
12.8-kN (2.9-kip)

Figure 2: Girder cross-section

The comparison of the maximum principal stresses between the model with the angleswith-plate retrofit and the model with the crack-arrest holes with the same horseshoe-shaped and
web-to-flange crack length was evaluated, as shown in Table 1. The path that was used to
determine the first peak stress (HSS-1) followed the same horseshoe shape along the connection
plate-to-web weld a distance of 229 mm [9.0 in.] down both sides of the stiffener. The path to
determine the second peak stress (HSS-2) followed the same horizontal path along the web-toflange weld for a length of 406 mm [16.0 in.].The maximum principal stresses in the web gap
region for the model with the angles-with-plate retrofit, and for the model with the crack-arrest
holes retrofit are shown in Figure 3.
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Table 1: Horseshoe-shaped & web-to-flange crack pattern stresses

Maximum Principal Stresses for 102 mm [4.0 in.] Crack
Retrofit Method

Crack-arrest hole Retrofit

HSS-1

HSS-2

Diameter,

Peak Stress,

Peak Stress,

mm [in.]

MPa [ksi]

MPa [ksi]

13 [0.5]

554 [80.4]

178 [25.8]

25 [1.0]

382 [55.4]

172 [25.0]

51 [2.0]

319 [46.2]

100 [14.5]

128 [18.5]

114 [16.5]

Angles-with-plate Retrofit

From the results, the HSS-1 values for the model with the M-M angles-with-plate retrofit
was much smaller than the stress values for the crack-arrest hole model with 13 mm [0.5 in.], 25
mm [1.0 in.] or 51 mm [2.0 in.] hole diameter. The HSS-2 values for the model with the M-M
angles-with-plate retrofit was smaller than the stress values for the crack-arrest hole model with
13 mm [0.5 in.] or 25 mm [1.0 in.] hole diameter, and almost the same with stress for the crackarrest hole model with 51 mm [2.0 in.] hole diameter. Given these findings, the angles-with-plate
retrofit generally performed significantly better than the crack-arrest holes retrofit at mitigating
distortion induced fatigue. A visual comparison of the results is shown in Figure 3.
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(a)

(b)

(c)

(d)

(e)
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Figure 3: (a) Maximum principal stress for angles-with-plate retrofit model; (b) Maximum principal stress
for angles-with-plate retrofit model (angles and plate were not shown); (c) Maximum principal stress for
crack-arrest hole model with 13 mm [0.5 in.] hole diameter; (d) Maximum principal stress for crack-arrest
hole model with 25 mm [1.0 in.] hole diameter; (e) Maximum principal stress for crack-arrest hole model with
51 mm [2.0 in.] hole diameter

While the results presented in this dissertation have been presented primarily in three discrete
parts, there has been a consistent theme: repairing fatigue damage in steel bridges. Each of the
three papers has presented an investigation aimed at improving engineers’ and researchers’
capabilities to design effective fatigue retrofits and to assess fatigue susceptibility.

It is

envisioned that work presented in this thesis will be of use to both practicing structural engineers
and researchers as they work to responsibly extend the lives of aging steel bridge infrastructure.
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Appendices
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APPENDIX A: MAXIMUM PRINCIPAL STRESS
HOLES FOR DIAGONAL CRACK TYPE

Figure A. 1: Hot Spot Stress Paths for Diagonal Crack Type
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AROUND

CRACK-ARREST

CHSS-1 = 127 Mpa [18.4 ksi]
HSS-1 = 157 Mpa [22.7 ksi]
HSS-2 = -0.41 Mpa [-0.059 ksi]

Figure A.2: 70 mm [2.75 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter

CHSS-1 = 161 Mpa [23.4 ksi]
HSS-1 = 168 Mpa [24.3 ksi]
HSS-2 = -0.22 Mpa [-0.032 ksi]

Figure A.3: 70 mm [2.75 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter
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CHSS-1 = 222 Mpa [32.2 ksi]
HSS-1 = 234 Mpa [33.9 ksi]
HSS-2 = -0.25 Mpa [-0.036 ksi]

Figure A. 4: 70 mm [2.75 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter

CHSS-1 = 150 Mpa [21.7 ksi]
HSS-1 = 170 Mpa [24.7 ksi]
HSS-2 = -0.52 Mpa [-0.076 ksi]

Figure A. 5: 102mm [4.0 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter
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CHSS-1 = 150 Mpa [21.7 ksi]
HSS-1 = 172 Mpa [24.9 ksi]
HSS-2 = -0.25 Mpa [-0.036 ksi]

Figure A. 6: 102mm [4.0 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter

CHSS-1 = 197 Mpa [28.6 ksi]
HSS-1 = 196 Mpa [28.4 ksi]
HSS-2 = -0.29 Mpa [-0.042 ksi]

Figure A. 7: 102mm [4.0 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter
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CHSS-1 = 237 Mpa [34.4 ksi]
HSS-1 = 247 Mpa [35.8 ksi]
HSS-2 = 8.19 Mpa [1.19 ksi]

Figure A. 8: 102mm [4.0 in.] Crack Length & 76 mm [3.0 in.] Hole Diameter

CHSS-1 = 187 Mpa [27.1 ksi]
HSS-1 = 184 Mpa [26.7 ksi]
HSS-2 = -0.42 Mpa [-0.061 ksi]

Figure A. 9: 152 mm [6 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter
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CHSS-1 = 154 Mpa [22.3 ksi]
HSS-1 = 188 Mpa [27.2 ksi]
HSS-2 = -0.22 Mpa [-0.032 ksi]

Figure A. 10: 152 mm [6 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter

CHSS-1 = 184 Mpa [26.7 ksi]
HSS-1 = 206 Mpa [29.9 ksi]
HSS-2 = 0.99 Mpa [0.143 ksi]

Figure A. 11: 152 mm [6 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter
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CHSS-1 = 208 Mpa [30.2 ksi]
HSS-1 = 212 Mpa [30.8 ksi]
HSS-2 = 10.9 Mpa [1.579 ksi]

Figure A. 12: 152 mm [6 in.] Crack Length & 76 mm [3.0 in.] Hole Diameter
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APPENDIX B: MAXIMUM PRINCIPAL STRESS

AROUND

HOLES FOR HORSESHOE-SHAPED CRACK TYPE

Figure B. 1: Hot Spot Stress Paths for Horseshoe-Shaped Crack Type
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CRACK-ARREST

CHSS-1 = 252 Mpa [36.6 ksi]
HSS-1 = 364 Mpa [52.8 ksi]
HSS-2 = -0.46 Mpa [-0.067 ksi]

Figure B. 2: 70 mm [2.75 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter

CHSS-1 = 263 Mpa [38.2 ksi]
HSS-1 = 286 Mpa [41.5 ksi]
HSS-2 = -0.23 Mpa [-0.034 ksi]

Figure B. 3: 70 mm [2.75 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter
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CHSS-1 = 250 Mpa [36.3 ksi]
HSS-1 = 263 Mpa [38.1 ksi]
HSS-2 = -0.26 Mpa [-0.037 ksi]

Figure B. 4: 70 mm [2.75 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter

CHSS-1 = 241 Mpa [35.0 ksi]
HSS-1 = 252 Mpa [36.5 ksi]
HSS-2 = 16.7 Mpa [2.42 ksi]

Figure B. 5: 70 mm [2.75 in.] Crack Length & 76 mm [3.0 in.] Hole Diameter
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CHSS-1 = 314 Mpa [45.6 ksi]
HSS-1 = 449 Mpa [65.1 ksi]
HSS-2 = -0.48 Mpa [-0.070 ksi]

Figure B. 6: 102mm [4.0 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter

CHSS-1 = 312 Mpa [45.2 ksi]
HSS-1 = 335 Mpa [48.6 ksi]
HSS-2 = -0.21 Mpa [-0.030 ksi]

Figure B. 7: 102mm [4.0 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter
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CHSS-1 = 283 Mpa [41.0 ksi]
HSS-1 = 296 Mpa [42.9 ksi]
HSS-2 = -0.21 Mpa [-0.030 ksi]

Figure B. 8: 102mm [4.0 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter

CHSS-1 = 268 Mpa [38.8 ksi]
HSS-1 = 277 Mpa [40.2 ksi]
HSS-2 = -0.27 Mpa [-0.039 ksi]

Figure B. 9: 102mm [4.0 in.] Crack Length & 76 mm [3.0 in.] Hole Diameter
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CHSS-1 = 408 Mpa [59.2 ksi]
HSS-1 = 583 Mpa [84.5 ksi]
HSS-2 = -0.53 Mpa [-0.077 ksi]

Figure B. 10: 152 mm [6 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter

CHSS-1 = 389 Mpa [56.4 ksi]
HSS-1 = 414 Mpa [60.1 ksi]
HSS-2 = -0.23 Mpa [-0.033 ksi]

Figure B. 11: 152 mm [6 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter
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CHSS-1 = 338 Mpa [49.0 ksi]
HSS-1 = 350 Mpa [50.8 ksi]
HSS-2 = -0.20 Mpa [-0.029 ksi]

Figure B. 12: 152 mm [6 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter

CHSS-1 = 312 Mpa [45.2 ksi]
HSS-1 = 320 Mpa [46.4 ksi]
HSS-2 = -0.24 Mpa [-0.035 ksi]

Figure B. 13: 152 mm [6 in.] Crack Length & 76 mm [3.0 in.] Hole Diameter
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APPENDIX C: MAXIMUM PRINCIPAL STRESS

AROUND

CRACK-ARREST

HOLES FOR HORSESHOE-SHAPED&WEB-TO-FLANGE CRACK TYPE

Figure C. 1: Hot Spot Stress Paths for Horseshoe-Shaped&Web-To-Flange Crack Type
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CHSS-1 = 298 Mpa [43.2 ksi]
CHSS-2 = 22.8 Mpa [3.30 ksi]
HSS-1 = 431 Mpa [62.5 ksi]
HSS-2 = 122 Mpa [17.7 ksi]

Figure C. 2: 70 mm [2.75 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter

CHSS-1 = 290 Mpa [42.1 ksi]
CHSS-2 = 56.5 Mpa [8.20 ksi]
HSS-1 = 314 Mpa [45.6 ksi]
HSS-2 = 98.6 Mpa [14.3 ksi]

Figure C. 3: 70 mm [2.75 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter
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CHSS-1 = 379 Mpa [54.9 ksi]
CHSS-2 = 20.7 Mpa [3.0 ksi]
HSS-1 = 554 Mpa [80.4 ksi]
HSS-2 = 178 Mpa [25.8 ksi]

Figure C. 4: 102mm [4.0 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter

CHSS-1 = 356 Mpa [51.7 ksi]
CHSS-2 = 32.4 Mpa [4.7 ksi]
HSS-1 = 382 Mpa [55.4 ksi]
HSS-2 = 172 Mpa [25.0 ksi]

Figure C. 5: 102 mm [4.0 in.] Crack Length &25 mm [1.0 in.] Hole Diameter
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CHSS-1 = 307 Mpa [44.5 ksi]
CHSS-2 = 77.2 Mpa [11.2 ksi]
HSS-1 = 319 Mpa [46.2 ksi]
HSS-2 = 100 Mpa [14.5 ksi]

Figure C. 6: 102mm [4.0 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter

CHSS-1 = 501 Mpa [72.6 ksi]
CHSS-2 = 29.6 Mpa [4.3 ksi]
HSS-1 = 748 Mpa [109 ksi]
HSS-2 = 259 Mpa [37.5 ksi]

Figure C. 7: 152 mm [6 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter
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CHSS-1 = 461 Mpa [66.8 ksi]
CHSS-2 = 22.1 Mpa [3.2 ksi]
HSS-1 = 488 Mpa [70.8 ksi]
HSS-2 = 267 Mpa [38.7 ksi]

Figure C. 8: 152 mm [6 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter

CHSS-1 = 385 Mpa [55.9 ksi]
CHSS-2 = 52.4 Mpa [7.6 ksi]
HSS-1 = 394 Mpa [57.1 ksi]
HSS-2 = 244 Mpa [35.4 ksi]

Figure C. 9: 152 mm [6 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter
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CHSS-1 = 346 Mpa [50.2 ksi]
CHSS-2 = 100 Mpa [14.5 ksi]
HSS-1 = 349 Mpa [50.6 ksi]
HSS-2 = 161 Mpa [23.3 ksi]

Figure C. 10: 152 mm [6 in.] Crack Length & 76 mm [3.0 in.] Hole Diameter
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APPENDIX D: MAXIMUM PRINCIPAL STRESS
HOLES FOR WEB-TO-FLANGE CRACK TYPE

Figure D. 1: Hot Spot Stress Paths for Web-To-Flange Crack Type
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AROUND

CRACK-ARREST

CHSS-2 = 16.2 Mpa [2.35 ksi]
HSS-1 = 141 Mpa [20.4 ksi]
HSS-2 = 154 Mpa [22.3 ksi]

Figure D. 2: 140mm [5.5 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter

CHSS-2 = 88.1 Mpa [12.78 ksi]
HSS-1 = 147 Mpa [21.3 ksi]
HSS-2 = 129 Mpa [18.7 ksi]

Figure D. 3: 140mm [5.5 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter
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CHSS-2 = 192 Mpa [27.86 ksi]
HSS-1 = 203 Mpa [29.5 ksi]
HSS-2 = 7.58 Mpa [1.10 ksi]

Figure D. 4: 140 mm [5.5 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter

CHSS-2 = 1.72 Mpa [0.25 ksi]
HSS-1 = 179 Mpa [26.0 ksi]
HSS-2 = 179 Mpa [25.9 ksi]

Figure D. 5: 203 mm [8 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter

- 159 -

CHSS-2 = 41.4 Mpa [6.0 ksi]
HSS-1 = 180 Mpa [26.1 ksi]
HSS-2 = 168 Mpa [24.4 ksi]

Figure D. 6: 203 mm [8 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter

CHSS-2 = 141 Mpa [20.48 ksi]
HSS-1 = 169 Mpa [24.5 ksi]
HSS-2 = 93.1 Mpa [13.5 ksi]

Figure D. 7: 203 mm [8 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter
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CHSS-2 = 205 Mpa [29.67 ksi]
HSS-1 = 212 Mpa [30.8 ksi]
HSS-2 = 4.48 Mpa [0.65 ksi]

Figure D. 8: 203 mm [8 in.] Crack Length & 76 mm [3.0 in.] Hole Diameter

CHSS-2 = 2.21 Mpa [0.32 ksi]
HSS-1 = 219 Mpa [31.8 ksi]
HSS-2 = 201 Mpa [29.13 ksi]

Figure D. 9: 305 mm [12 in.] Crack Length & 13 mm [0.5 in.] Hole Diameter
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CHSS-2 = 4.34 Mpa [0.63 ksi]
HSS-1 = 220 Mpa [31.9 ksi]
HSS-2 = 199 Mpa [28.83 ksi]

Figure D. 10: 305 mm [12 in.] Crack Length & 25 mm [1.0 in.] Hole Diameter

CHSS-2 = 88 Mpa [12.76 ksi]
HSS-1 = 205 Mpa [29.7 ksi]
HSS-2 = 167 Mpa [24.16 ksi]

Figure D. 11: 305 mm [12 in.] Crack Length & 51 mm [2.0 in.] Hole Diameter
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CHSS-2 = 151 Mpa [21.91 ksi]
HSS-1 = 188 Mpa [27.3 ksi]
HSS-2 = 102 Mpa [14.79 ksi]

Figure D. 12: 305 mm [12 in.] Crack Length & 76 mm [3.0 in.] Hole Diameter
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APPENDIX E: MAXIMUM PRINCIPAL STRESS
HOLES FOR LARGE-HOLE RETROFIT

Figure E. 1: Hot Spot Stress Paths for Large-hole Retrofit Model

- 164 -

AROUND

CRACK-ARREST

CHSS = 245 Mpa [35.6 ksi]
HSS-1 = 256 Mpa [37.1 ksi]
HSS-2 = 0.717 Mpa [0.10 ksi]

Figure E. 2: Web-To-Flange Crack with 102 mm [4.0 in.] Hole Diameter

CHSS = 245 Mpa [35.6 ksi]
HSS-1 = 255 Mpa [37.0 ksi]
HSS-2 = 50.7 Mpa [7.35 ksi]

Figure E. 3:Horseshoe-Shaped Crack with 102 mm [4.0 in.] Hole Diameter
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APPENDIX F: LAB NOTES RECORDED DURING TESTING CRACKARREST HOLES
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APPENDIX G: CONVERGENCE STUDY
FORM

KS,

AND

K FACTORS

FOR

FOR

J-INTEGRAL, J-INTEGRAL

THE UNRETROFITTED MODELS

WITH

102-MM (4-IN.) TYPE 1 AND 203-MM (8-IN.) TYPE 2CRACKS

No Retrofit - 4 in Crack - J-Integral
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J-Integral (kip/in)

10

Through-thickness Node 4

8

Through-thickness Node 8
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Through-thickness Node 12
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Through-thickness Node 16
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Figure G. 1: Convergence study of J-Integral for 102-mm (4-in.) Type 1 crack
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Figure G. 2: Convergence study of J-Integral for 203-mm (8-in.) Type 2 crack
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Figure G. 3: Convergence study of J-Integral from Ks for 102-mm (4-in.) Type 1 crack
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Figure G. 4: Convergence study of J-Integral from Ks for 203-mm (8-in.) Type 2 crack
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Figure G. 5: Convergence study of K1 factor for 102-mm (4-in.) Type 1 crack
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Figure G. 6: Convergence study of K1 factor for 203-mm (8-in.) Type 2 crack
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Figure G. 7: Convergence study of K2 factor for 102-mm (4-in.) Type 1 crack
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Figure G. 8: Convergence study of K2 factor for 203-mm (8-in.) Type 2 crack
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Figure G. 9: Convergence study of K3 factor for 102-mm (4-in.) Type 1 crack
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Figure G. 10: Convergence study of K3 factor for 203-mm (8-in.) Type 2 crack
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APPENDIX H: MAXIMUM PRINCIPAL STRESS IN THE WEB GAP REGION
FOR THE ANGLES-WITH-PLATE RETROFIT MODELS

Figure H. 1: 13 mm [1/2 in.] Type 1 Crack &13 mm [1/2 in.] Type 2 Crack with No Retrofit

Figure H. 2: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with F-F Retrofit
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Figure H. 3: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with F-M Retrofit

Figure H. 4: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with F-S Retrofit
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Figure H. 5: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with M-F Retrofit

Figure H. 6: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with M-M Retrofit
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Figure H. 7: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with M-S Retrofit

Figure H. 8: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with S-F Retrofit
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Figure H. 9: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with S-M Retrofit

Figure H. 10: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with S-S Retrofit

- 179 -

Figure H. 11: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with No Retrofit

Figure H. 12: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with F-F Retrofit
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Figure H. 13: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with F-M Retrofit

Figure H. 14: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with F-S Retrofit
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Figure H. 15: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with M-F Retrofit

Figure H. 16: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with M-M Retrofit
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Figure H. 17: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with M-S Retrofit

Figure H. 18: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with S-F Retrofit
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Figure H. 19: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with S-M Retrofit

Figure H. 20: 25 mm [1 in.] Type 1 Crack & 25 mm [1 in.] Type 2 Crack with S-S Retrofit
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Figure H. 21: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with No Retrofit

Figure H. 22: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with F-F Retrofit
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Figure H. 23: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with F-M Retrofit

Figure H. 24: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with F-S Retrofit
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Figure H. 25: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with M-F Retrofit

Figure H. 26: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with M-M Retrofit
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Figure H. 27: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with M-S Retrofit

Figure H. 28: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with S-F Retrofit
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Figure H. 29: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with S-M Retrofit

Figure H. 30: 51 mm [2 in.] Type 1 Crack & 51 mm [2 in.] Type 2 Crack with S-S Retrofit
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Figure H. 31: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with No Retrofit

Figure H. 32: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with F-F Retrofit
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Figure H. 33: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with F-M Retrofit

Figure H. 34: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with F-S Retrofit
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Figure H. 35: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with M-F Retrofit

Figure H. 36: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with M-M Retrofit
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Figure H. 37: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with M-S Retrofit

Figure H. 38: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with S-F Retrofit
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Figure H. 39: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with S-M Retrofit

Figure H. 40: 102 mm [4 in.] Type 1 Crack & 203 mm [8 in.] Type 2 Crack with S-S Retrofit
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APPENDIX I:

DEFORMATION SCREENSHOTS IN THE WEB GAP REGION

FOR THE ANGLES-WITH-PLATE RETROFIT MODELS
Stress Range: 0–345 MPa (50 ksi)
Deflection Scale: 10

Figure I. 1: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with No Retrofit

Figure I. 2: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with F-F Retrofit
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Figure I. 3: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with F-M Retrofit

Figure I. 4: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with F-S Retrofit
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Figure I. 5: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with M-F Retrofit

Figure I. 6: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with M-M Retrofit
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Figure I. 7: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with M-S Retrofit

Figure I. 8: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with S-F Retrofit
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Figure I. 9: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with S-M Retrofit

Figure I. 10: 13 mm [1/2 in.] Type 1 Crack & 13 mm [1/2 in.] Type 2 Crack with S-S Retrofit
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Figure I. 11: 25 mm [1in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with No Retrofit

Figure I. 12: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with F-F Retrofit
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Figure I. 13: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with F-M Retrofit

Figure I. 14: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with F-S Retrofit
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Figure I. 15: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with M-F Retrofit

Figure I. 16: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with M-M Retrofit
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Figure I. 17: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with M-S Retrofit

Figure I. 18: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with S-F Retrofit
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Figure I. 19: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with S-M Retrofit

Figure I. 20: 25 mm [1 in.] Type 1 Crack &25 mm [1 in.] Type 2 Crack with S-S Retrofit
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Figure I. 21: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with No Retrofit

Figure I. 22: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with F-F Retrofit
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Figure I. 23: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with F-M Retrofit

Figure I. 24: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with F-S Retrofit
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Figure I. 25: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with M-F Retrofit

Figure I. 26: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with M-M Retrofit
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Figure I. 27: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with M-S Retrofit

Figure I. 28: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with S-F Retrofit
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Figure I. 29: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with S-M Retrofit

Figure I. 30: 51 mm [2 in.] Type 1 Crack &51 mm [2 in.] Type 2 Crack with S-S Retrofit
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Figure I. 31: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with No Retrofit

Figure I. 32: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with F-F Retrofit
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Figure I. 33: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with F-M Retrofit

Figure I. 34: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with F-S Retrofit
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Figure I. 35: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with M-F Retrofit

Figure I. 36: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with M-M Retrofit
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Figure I. 37: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with M-S Retrofit

Figure I. 38: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with S-F Retrofit
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Figure I. 39: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with S-M Retrofit

Figure I. 40: 102 mm [4 in.] Type 1 Crack &203 mm [8 in.] Type 2 Crack with S-S Retrofit
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APPENDIX J: BOLT MODELING TECHNIQUES
Steps to create a bolt and apply a bolt load
1. The 3-dimentional bolts were modeled as a revolution part, which was then partitioned into
three parts: the shank, nut, and headin the Parts Module with the diameter needed. The
AISC Specification lists all bolts dimensions. The middle of the shank was partitioned in half
so the bolt load could be applied to the interior face of the shank.

Figure J. 1: Created bolt part.

2. Apply section properties for the bolts.
3. Create a pre-tensioning step after the Initial Step and before the Load Step.
4. Apply a pre-tensioning load to the interior surface of the shank based on the AISC
Specification in the Pre-Tensioning Step. In the Loads Module select Create Load, and name
the load. Choose the Pre-Tensioning Step, Mechanical under Category, select Bolt Load
under the section entitled Types for Selected Step.
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Figure J. 2: The bolt load must be named. The bolt load should be applied in the step before the load is
applied.

5. The program will prompt you to select interior surfaces for the bolt load.

Figure J. 3: Apply bolt load to the interior surface of the shank.

6. Next it will ask you to choose a side for the shell or internal faces- brown or purple. Select
the color that appears on the interior surface you selected.
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Figure J. 4: Select a side for the internal surface depending on what color is shown. In this figure, the interior
surface is highlighted brown, therefore select brown.

7. Select the datum axis that is aligned with the bolt centerline. This specifies in what direction
the load will be applied. Frequently you have to display all instances in order to see the
datum axis.

Figure J. 5: Select the datum axis that corresponds to the longitudinal axis of the bolt. In this case, the datum
axis should be z.

8. Enter the pre-tensioning load.
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Figure J. 6: Enter the bolt load found in the AISC Specification.

9. Select the loading step next. From the drop down menu to the right of Menu, click on Fix at
current length. This stops the tensioning load during the loading step.

Figure J. 7: Fix the length of the bolt in the step where a global load is applied to the model. This stops the
bolt from continuing to have a pre-tension load.

10. Tie the back of the head/nut to the front of the steel surface you are bolting to.
11. Create an interaction between the shank of the bolt and the hole that the bolt will go into to
avoid the two surfaces from intersecting each other.
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APPENDIX K: FINITE ELEMENT MODELING MESHING TECHNIQUES

Part 2: Use of CFRP Overlays to Repair Fatigue Damage in Steel Plates under Tension
Loading
The mesh configuration for the steel specimen part is shown in Figure K. 1(a). The steel
specimen was partitioned to allow for an extremely fine mesh to be located in the region around
the circular opening, and have a smooth transition region. The mesh was configured using
several regions with greater mesh density near the circular opening. The mesh configuration near
the opening, presented in Figure K. 1(b), consisted of two concentric circular regions, which
allowed gradually increasing element size away from the circular opening. The diameter of the
smaller circular region was 6.4 mm (0.25 in.) and the diameter of the larger circular region was
19.1 mm (0.75 in.). Boundaries between the different regions of the mesh are illustrated in
Figure K. 1(b).Figure K. 1(c) shows the mesh in the vicinity of the circular opening for an
element size at the opening of 0.25 mm (0.01 in.). Figure K. 1(d) shows the mesh in the vicinity
of the circular opening for an element size at the opening of 0.13 mm (0.005 in.).
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(a)

(b)

(c)

(d)

Figure K. 1: (a) Finite element model mesh;(b) Partitioned region around the circular opening;(c) Mesh in the
vicinity of the circular opening for an element size at the opening of 0.25 mm (0.01 in.); (d) Mesh in the
vicinity of the circular opening for an element size at the opening of 0.13 mm (0.005 in.)

Part 3: Effectiveness of Crack-Arrest Holes under Distortion-Induced Fatigue Loading
The mesh configuration for the girder section is shown in Figure K. 2(a). A large enough
area was partitioned such that all crack types with different lengths and varying hole diameters
would fit within the partitioned region, as shown in Figure K. 2(b). The mesh configuration near
the crack-arrest holes consisted of three concentric circular regions around the holes which
allowed gradually increasing element size away from the crack-arrest hole.

Rectangular

partitions were also created around the crack. The mesh was configured using several regions
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with increasing mesh density near the crack-arrest hole. The most coarse and most dense mesh
configurations for the region near the crack-arrest holes in the girder web for the diagonal crack
model are shown in Figure K. 2(c) and (d). Figure K. 2(c) shows the mesh in the vicinity of the
crack-arrest holes for an element size at the path half the thickness of the web away from the
edge of crack-arrest hole of 1.80 mm (0.071 in.). Figure K. 2(d) shows the mesh in the vicinity of
the crack-arrest holes for an element size at the path half the thickness of the web away from the
edge of crack-arrest hole of 0.71 mm (0.028 in.).

(a)

(b)
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(c)

(d)
Figure K. 2: (a) Finite element model mesh;(b) Partitioned region around the crack-arrest hole for the
diagonal crack model; (c) Mesh in the vicinity of the crack-arrest holes for an element size of 1.80 mm [0.071
in]; (d) Mesh in the vicinity of the crack-arrest holes for an element size of 0.71 mm [0.028 in]

Figure K. 3(a) shows the partitioned region around the crack-arrest holes for the horseshoeshaped crack model and Figure K. 3(b) shows the mesh in the vicinity of the crack-arrest holes
for the horseshoe-shaped crack model. Figure K. 4(a) shows the partitioned region around the
crack-arrest holes for the horseshoe-shaped & web-to-flange crack model and Figure K. 4(b)
shows the mesh in the vicinity of the crack-arrest holes for the horseshoe-shaped & web-toflange crack model. Figure K. 5(a) shows the partitioned region around the crack-arrest holes for
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the web-to-flange crack model and Figure K. 5(b) shows the mesh in the vicinity of the crackarrest holes for the web-to-flange crack model.

(a)

(b)
Figure K. 3: (a) Partitioned region around the crack-arrest holes for the horseshoe-shaped crack model; (b)
Mesh in the vicinity of the crack-arrest holes for the horseshoe-shaped crack model
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(a)

(b)
Figure K. 4: (a) Partitioned region around the crack-arrest holes for the horseshoe-shaped & web-to-flange
crack model; (b) Mesh in the vicinity of the crack-arrest holes for the horseshoe-shaped & web-to-flange
crack model
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(a)

(b)
Figure K. 5: (a) Partitioned region around the crack-arrest holes for the web-to-flange crack model; (b) Mesh
in the vicinity of the crack-arrest holes for the web-to-flange crack model
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