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Abstract

Drilling a hole ahead of crack tip is one of the most common techniques, to prevent further crack
propagation in structures subjected to fatigue load. Fatigue cracks are typically olmmatiahswhere
drilling a crack stop hole of desired dimensionsas possible due to geometrical constraints. In such cases
crack may reinitiate fronthe hole after few loading cycles. Techniques such as Static mechanical cold
working are used to strengthen the undersized crack stop hole mentionediterdiere. In this study,
application ofCarbon Fiber Reinforced Polymer (CFRP) patdaesnated over cracks proposed to delay

the crack initiation fronunder sized crack stop hole

Although extensive literature exists for crack stop hole and CFRBgmindependently to prevent
the crack growth, few literatuseare available for combined effect. the present study combination of
crack stop hole and CFR#erlays as a repair technique is studied. This combination helps to reduce the
stress at edgef the hole, which delays the crack initiation. The combined effect of crack stop hole and
CFRP patches is studied numerically using ANSYS.

Steel plate subjected to tensile loading (mfdeith initial central crack is considered. Material
behaviouris asumed to be elastic. A hole isodelledahead of crack tip and CFRP overlays are applied
over it. Holes of various radii are considered to understand the effect of hole ratfiessat the edge of
the hole The entire setup imodelledin ANSYS. Ratio 6 stress intensity factor to square root of radius is

K,/ }considered as a parameter for all c&gshe application of CFRP patchéise K,/ } is reducel by
70% ata stiffness ratioof 0.16. It isalsoobserved that at stiffness ratio 0.95he K, / } value at the edge

of the hole is reduced by 90%. A reduction parameter is proposed/foy Ks a function of stiffness ratio.

In this study, it is observed that the paramétef jused for cracknitiation, which is based on a
constant stress gradient5(his leads to smalleradius crackstop hole and hendg un conservative.
Therefore another parameter called notch stress intensity fact@fNwhich takes into account the effect

of stress gradienfU) is considered in determining thappropriatehole radius to halt crackropagation

This approach conservative compare&td j approach.
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Chapter 1

Introduction

1.1 Introduction

Steel bridge girders are subjected to fatigue loading due to continuous vehicular traffic.
Girders which are not fabricated as per fatigue detailing may develop cracks due to fatigue
load. In most cases, cracks initiate at potential sites like welds, wiere is a material
discontinuity. If the crack continues to grow and is left unrepaired for long time, it may lead to
catastrophic failure, which is undesirablEhereforecracks need to be arrested by using
appropriate retrofitting techniqueBy adoptng the appropriate retrofitting techniques, the service
life of the bridge can be increaséthe success of any retrofitting technique depends on identifying the
location of the crack and the nature of loading. These retrofitting techniques are classdidigt into
two groups [Carolet.al (2004)] such as local andlapal retrofitting techniques.While the local
retrofitting techniqgues modify the local stress state which includes crack stop holes, peening, gas
tungsten arc (GTA) welding, the global retrofitting technique include strengthening with a steel plate

or composite laminate.

Experimenth studies by Fisheet.al, 1980 indicate that of the above discussed repair methods,
drilling a crack stop hole ahead of a crack tip are one of the effective methods to arrest the crack
propagation. The basic principle behind the crack stop hole is t@xdhe sharp crack into a blunt
notch. The expression for the radius of the hole to be drilled is a function of both loading and material
property. The success of this method depends on length of the crack, type of the loading and location
of crack. In sme cases, it is not possible to drill a hole with a radius as obtained from analytical
expressions, due to lack of space in a complex structured steel connections. In suchssituation
practicing structural engineer may be required to drill an undersizait stop hole as a temporary
measure. This approach may lead tinigation of crack stop hole after few loading cycles. Crack stop

hole are fully effective only if the radius of the hole satisfy design requirements [Crain, 2010].

Crack stop hole tecligue is not feasible, if crack propagates to a substantial size. In such cases a
global retrofitting technique such as external strengthening needs to be adopted. The usual practice was
to weld an additional plate on the top of damaged portions. Howeweasifound that most of the
cases, cracks were emanating from the edges of these atfdateednaddition, these plates were

causing increase in dead load which was undesirable. Recently, Carbon Fiber Reinforced Polymer
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(CFRP) plates have been useddplace these steel plates for external strengthening owing to its better
properties such as light weight and better fatigue performance [Milkdr2001].These techniques are
more efficient and are applied in strengthening old bridges. In the cstuglytthe combined effect

of both these techniques i.e. drilling holes and application of adhesive patches are studied as repair
techniques. The recent literature indicates a gap in the combateliourof crack stop hole and
CFRP as a repair techniqiémr retarding crack growth. From previous research, it was found that a
new technique needs to be developed with the combination of drilling holes gEatp(2004)]. For
repairing the cracks developed in bridge girdées guidelines given by Indiaraitways[Manual for
Indian railway bridges (1999) recommends drilling a 7mm diameter hole ahead of crack tip as a
temporarymeasureand welding a plate over the crack as permanentisolto retard the crack
growth.

1.2 Problem statement

Crack stop holgechnique has limitations in some cases where it is not possible to drill a hole of
calculated radius. It is observed in the literature [Andrea (2001), Carolet.al, (2004)] that cracks
are re initiating from the edges of the holes. The probablemedsr crack initiation at the edge of the
hole are increase in load and mixed mode loading condition. However, there is a need to study crack
reinitiating from the edge of the stop holedietail. Twomajor expressions for radius of the crack stop
hole ae in literature; Barsost.al (1971) and Fisheet.al (1980). Both these expressions consider the
maximum stress ahead of the blunt crack tip given by Creagor and Paris (1967). The expression given
by Barsonet.al (1971) is common for different grades oéat The expression given by Fisher et.al is
only for A36 steel. However, this study considers only two different diameters (1 in. and 0.5 in).If
radius of the crack stop hole is undersized according to above mentioned studies, cracks will reinitiate
afterfew loading cycles. In such case, to reduce the stress in the damaged component CFRP patches
are applied on the top of damaged panel. The combined action of CFRP patch and crack stop hole is
the main focus of the current study. To demonstrate this cothbiction a central cracked specimen

geometry which replicates the generally occurred cracks in girders is considered.

Finite element analysis of central crack middle tension specimen with five different crack stop hole
radii is carried out to understancetleffect of hole radius. In addition to the crack stop hole a CFRP
patch is applied over the damaged panel. A numerical study will be carried out to obtain the combined

effect of CFRP patches and drilling holes.
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1.3 Contents
Chaper-1 gives the introduction tothe retrofitting techniques, problem statement and

objectives.Chapte? explains the background of expressions for crack stop hole and a brief review of
previows experimental studies of CFREeel applications. Differenapproaches for predicting the
fatigue crack initiation life are presented. Among these approaches, Fracture mechanics approach for
fatigue crack initiation is explained in detail. The concept of SIF and notch stress intensity factor (N
SIF) is introduced.@apter4; finite elementmodelling illustrates themodelling part of this study.
Modelling of different geometriesChaptér gives details of results obtained.
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Chapter 2

Background

2.1Introduction

Drilling holes atead of crack tip is one of the oldest techniques to stop crack propagation. This
technique is sensitive to the hole radius. If the hole is small, the crack may reinitiate from the edge of
the hole after a few loading cycles. At the same time, if the Bdd&@ger it will reduce the stiffness
of the member. Hence it is important to drill the optimum size of the hole. To arrive at the hole
radius, predicting the crack -meitiation from the edge of the hole is important. The existing
expressions [Barsomtal (1971), Fishert.al (1980)] predict the hole radius based on a threshold

v a |l u e /Wb hehiragd Khich crack initiation not takes place.

2.2 Fatigue crack initiation life for blunt notches

Fatigue is defined as the process of cumulative damage caused dtgddpading. Fatigue life of
any structural steel component subjected to fluctuating load is divided into two parts: (a) Crack
initiation life (N;) (b) Crack propagation life ()l [Barsom and Nicol, 194. In order to determine
the total fatigue life ofte component these two parts needs to be calculated individually. Total
fatigue life of the component is the sum of crack initiation and propagation life. For sharp cracks, the
initiation life is negligible and the fatigue life of such components is efuthe fatigue crack
propagation life. However, for blunt cracks the fatigue crack initiation life is significant and cannot
be neglected. To predict fatigue life of a component, mainly three different approaches are available.

They are stress life, stralife and fracture mechanics approach.

2.3 Stress life approach

In stress approach the test results presented usiNgc@ves. In SN curves S represents
maximum stress and N represents cycles for failure. This data is obtained by testing polished
specimens at various load magnitudes. The stress corresponding to infinite number of cycles is
defined as fatigue endurance lini.typical SN curve for A517 steel is shown in FigR If a
component is subjected to a load less than endurance limit, it will hangeiriatigue life. Large
testdata on various steels indicate that the fatigue endurance limit is in the range of half the tensile
strength of the component [Barsom and RdI©®99]. However,presence of notches or crack like

discontinuities will reduces the endurance limit compared to that of a polished specimen. To account
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this notch effect a redtion factor is introduced Eqr-1. This reduction factor (K is useful to
determine the effective stress range.

E =t (2-1)

h

Where,
A = Endurance limit of smooth specimen
A = Endurance limit of notched specimen

Y& Ez YK) (2-2)

YA = Effective stress range

YA = Gross stress range

g T
z :’
A ;
7y
»
g \ i
% Ml
£
=2 |
£ : i
é 40 +——— — :
| |
20 ] —
' i
1
0 J
10000 100000 1000000 10000000 10000000
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Figure 2-1 SN Curve for polished specimens of an A517 steel obtained from
rotating beam test (Barsom and Rolf, 1999)

The plastically deformed metal in the vicinity of dottip inanelastically loadedtructure leads to
crack initiation. To model the localized plastic zones the specimens are tested under strain control.
The specimen sizes are in the order of yield zone size to replicate the effect of yield zone. This

approach is diicult to apply as there is no direct relation to applied loads.
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2.4 Fracture mechanics approach
In the stress life approach, it is not possible to predict the crack propagation life. It is also not
possible to delineate the crack initiation and propagation. Fracture mechanics approach overcomes
this difficulty. Using fracture mechanics approach, theck propagation life can be predicted. In
this study, linear elastic fracture mechanics (LEFM) approach is adopted to explain the crack
initiation from blunt cracks. To study the fatigue crack initiation from blunt notches, experimental
studies were caed out by Barsom and Nicol (1974), Jack and Price (1B@h studiesexpress
the fatigue crack initiation life (Ni) of the blunt crack, as a function of ratio of stress intensity factor
fluctuation (@K) to square root of notch radius

2.5 Stress Intensty Factor (SIF)

When a structural component with a crack is subjected to tensile loading, the value of stress at the
crack tip is infinite. A parameter is required to describe the stress field near the crack tip. Stress
Intensity Factor (SIF), proposed byin (1958) is the parameter to describe the stress state near the
crack tip. SIF is defined as a function of appl
also a function of geometry of structural component, size and shape of theTdracknportant
feature of SIF is that, it relates the local stress field to applied far field stress. Typically, structural
components subjected to fatigue loading experience +hddfrmation. Therefore, in present study

model deformation was considere@ihe well known expression for SIF for modeloading is given
in Egn2-3. Here& — indicates geometric correction factor. The SIF is considered as a driving force

for crack propagation.
+  AUNZAZ&— (2-3)

Near crack tip stress field equatidos central cracked specime@are expressed as a functairSIiF
(K)). The central crack geometry is as shown in FRy.2
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Figure 2-2 Elastic stress field distribution near the tip of model

o ==HIST i (2-4)
0 —Ai%%p OEDES (2-5)
z —Ai‘0EDES (2-6)

[z
From the above stress field equations, it is clear that all these equations are function of stress
intensity factor (SIF). SIF is a function of crack geometry, loaditemce, the above stress field

eguations are same regardless of crack geometry and loading

2.6 Stress field for blunt notches
Determinationo f  /##Kis important for predicting the crack initiation. In all above
mentioned studies, the value @f/I1" is expressed as a function of stress at the edge of the notch.
The expression for stress field for sharp cracks was extended to blunt notches ley &réagpris
(1967). According to them, the notches were assumed as elliptic or hypddeai€ig.23). The

maximum stress at the edge of the notch according to Creagor and Paris is givenZ7.EQis

equation is rearranged to expressKiié!” in terms of maximum stress.

i hp =L (2-7)
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— (2-8)

The finite element analysis conducted in this study indicates th&qh2-7 is able to predict the
stress within 10% error up to a radius 0.2in.(4.57 mm). This is in agreement with finite element
analysis conducted by Wilson and Gabrielse (1971). Honwéwe radius of the hole drilled is in the
range of 0.25 in to 0.5 in (Fisher et.al, 1980).

Figure 2-3 Shape of the notch (Creag and Paris assumption)
2.7 Crack initiation life for blunt cracks
Crack initiation Iife (Ni) for blunt nptches

and square root of notch radius (}). Experi men
Price (1970) established this approach and espmsethe fatigue initiation life as a function of

KWW . In low cycle region, the rel #ft wasgverbet weer
by Barsom and Nicol, 1974 (E€h9) . In the |l ow cycle r/M@gthen, for
fatigue crak initiation life (Ni) is proportional to the square of notch tip radeee Fig.24).

N; = (2-9)

<
|
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2.8

10 4

Notch tip radius (in.)

0.1 A

1 10

Number of cycles (Ni) in the order of 10° cycles

Figure 2-4 Cycle fatiguebehaviour (Barsom and Nicol, 1974)

For notches with radius less than 0.01 in (0.254 mm), the crack initiation life (Ni) of the
notch is independent of radifseeFig.2-4). The same was also observed by Jack and Price
(1971). The variation of crack life with radius can be explained on the basis of plastically
deformed volume. As the radius of notch increases, the volume of plastically deformed material
decreases, this leadn the delay of crack initiation. Foreman, 1972 studied experimentally the
behaviourof crack initiation from flaws. In this study, the ratio of notch radius (r) to yield zone
radius (w) was considered as a parameter to predict the crack initiatioblénoihmotches.

Radius of crack stop hole

To arrive at the size of the crack stop hole, fracture mechanics approach was adopted in
previous studies [Barsom (1971), Fiskéeal (1980)]According to fracture mechanics approach,
the crack initiation life (Ni) was expressed as a function of ratio of Stress intensity factor
f 1 uct ua) fluduation(topkguare root ofiole radiusas shown inEgn. 2-13. The
rel ationshi p be/'vaenedn mawo mntuenr nsst,r esks @)was he
given by Creagor and Paris [Creagor and Paris (1967)] using the concepts of linear elastic
fracture mechanics (LEFM). These expressions were obtained by shifting the origin to a distance
hal f of t he r adrackifson{deg Fig2-5), ard éshaccuraterhen hadius of the

19
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hole is very | ess compared to the I ength of t

from where fatigue crack may rei giEOt i at e was ot

k—-i Singular stress
Blunt notch
N Blunt notch

Gl R

Sharp crack
p/2
Figure 2.5 Stress field ahead of blunt notch
K M:A I-Op OEDES M:—A -0 (2-10)
A M:A 1-Op OEDEd M:—A -© (2-11)
z M:A -OEDES M:—o == (2-12)
A mhA — (2-13)

2.9 Crack stop hole expressions
There are two major expressioesisting in the literature, given by Barsetral (1971) and
Fisher et.al (1980). Both researchers adopted fractamechanics approach to explatheir
experimental studies on notches with different aesitHowever, these two studig® different in
terms of scale of testing and grade of steels used.
Barsonet.al(1971):
Notch effects in fatigue crack initiatidrehaviourof different grade steels From 250 MB& Ksi)
to 800 Mpa (110 Ksi) were studied at stress ratio 0.1, in threelmmiding. he specimemwas
single edge notched specimen as shown in Fég Bhey had foundhe fatigue crack initiation

threshold 3+ 7" for different types of steel and ihcreaseswith the increase in grade
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of the steel as shown in Figr2 The same testarried out at different stress ratios betwekr®

and 0.5 indicate that the fgtie crack initiation thresholds+71" s independent of stress ratio.

,io deg/‘\
[ L
L Root radius 1/8"

Figure 2-6 Single edge notched specimen (Barsom et.al, 1971)

The results of experimental studies by Barsom et.al indicate that for different grades of steel
a+I"  isexpressed as 10 times the squactofy i el d st r esgTheEqn2-14eisst e el

unit sensitive and all units must be in Ksi and inches.

— onk (2-14)
2 Stressratio(R)
S 200 .

2 ! * 01
4 i
7 o in s 05
© B oAe
3 b
>- Ade
LN |
20 -
20 (AK, 200
V/p threshold

Figure 2.7 Effect of stress ratio on fatigue crack initiation threshold (Barsom et.al, 1971)
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Fisheret.al (1980):

In their study, various retrofitting techniques were compared experimentally. These
retrofitting techniques include peening, Gas Tungsten Arc welding (GTA) and cradkodtsp A
comparison was made between different retrofitting techniques in terms of increase in fatigue
life. For long cracks, a crack stop hole of 13mm (1/2 in.)2Bdm (1 in.) diameter was drilled at

the crack tips. After drilling crack stop hole, the radius of crack tip becomes radiushol¢ffests

were conducted at different stress ranges from41.2 Mpa to 103.4 Mpa. Figudestribes

the loading conditin, crack geometry and welattachment used itheir experimental study.

Y N A A M M M

-

Figure 2-8 Specimen Geometry (Fisher et.al, 1980

The results presentezh a loglog scale included both thin and thiektachmentgseeFig. 2-9).
From this study Fisheret.al (1980) concluded that ircase of bridge girders with weld

attachmentghe threshold limit for crachnitiation 3+ 7" should be limited tp ® , .

Eqn2-15is unitsensitiveand the value of+ and, shoul be inMpayl 1 , Mpa.
Y oow K (2-15)

The Eqgn.215 is converted forimperial (Ksi) units (Eqn.216). From this equation the
threshold given by Fisheet.al shall be compared withe one given by Barsorand Rolf.
Fisher et.al threshold is predicting higher radiuglue dueto the effect of weld attachments

which are not considered in the Barsom and Rolf expression.

=
|

T K (2-16)
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Figure 2-9 Crack initiation threshold results (Fisheret.al, 1980)

2.10Limitations of crack stop hole
Crack stop holgechnique has been used to prevent the crack propagation in bridge girders.
However, effectiveness of crack stop hole is especially in case of distortion induced fatigue cracks,
where the technique is not effective [Andetaal, 2004]. Andreeet.al (2004 examinel this in a
multi girder bridge which was replaced due to clearance demands. Over 300 distortion induced
fatigue cracks were identified in the web gap region of diaphragm connections. One important
observation in this study was the initiation edcks from the crack stop holes drilled in the past. It
was found that fatigue cracks in web gap region were result of combined effect of (@rdek
opening mde) and modd!l (Tearing Mode) Apart from distortion induced cracking, there are
some instaces where crack stop hole is not a feasible repair technique. The expfessamtius
of crack stop holeEqn.217is directly proportional to square of applied stress dependent on
magnitude of stress. For example, in case of mild sfeel (¢ v 71D Aat astress 5 percent yield
stress, the design radius will be 10 percent of crack length (a). If the stress is 50 percent of yield

stress then the radius will be 100 percent of crack length, which is not feasipfgyto the field.

Jr— (2-17)
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2.11Notch stress intensity factor (NSIF)
Fatigue crack initiation is a function of stress range, average stmassjal, and stress gradient.
The SIF expression for blunt notches given by Creagor and Paris in-triogie. 213, considershe
stress at a characteristic distancegakead ohotch tip. This expression E@Al3 is only a function
of notch tip radius. The stress gradient, which also effects the crack initiation, is not considered in
this expression.

(2-18)

To account for stress gradient, a parameter called notch stress intensity fagié) (5! defined
[Boukharoubaet.al, 1995]. NSIF is based on stress distribution ahead of notch tip. The stress
distribution can be divided into three regions.uf&R-10 describes the stress distribution ahead of

sharp \fnotch.

0
1.00E-05 1.00E-04 1.00E-03 1.00e-02 1.00e-01 1.00E+00

log (r/y)

Figure 2-10 Stress distribution for sharp \-notch (Bukharouba et.al, 1995)
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Regiontl: The maximum stress is constant in this region. This region is defipedo ua
characteristic length (. Characteristic length is defined as distance up to which stress remains

constant.
Regionll: A Stress distribtion is a straight line and slope of this line indicates the stress gradient.
Regionlll: The magnitude of the stress is equal to nominal stress applied.

The stress distribution ahead of blunt notch is different from sharp notches up to some distance due
to blunting. The stress at the crack tip will decrease due to blunting. The expressie8Iforfdy
blunt notches is given by Boukharoebal, 1995.

+ K 8 zlcn 8 - (2-19)
In the Eqn2-11,

K = Stress at characteristic distance

m= Radius of the notch

| = Stresgyradient

2.12Application of CFRP patches
Application of composite patches over damage panel is one of the crack retardation techniques.
A.A Baker of Royal Australian air force pioneered the technique of using composite patches
repair the damaged components of aircraft (Baker, 1971). To arrive at the important parameters like
bond behaviour thickness of the patch Baker carried out a comprehensive study. In most of the
cases Boron epoxy patches were implemented as a repaiigiee. A number of numerical studies
were carried out in arriving at optimum patch dimensions by various researchers. The possibility of

application of same technique for damaged bridge girders generated lot of research interest.

The application of CFRP to strengthen the damaged bridge girders was studied experimentally
by Miller et.al (2001). To establish this repair technique, the parameters need to be studied are
selection of materials, bond length and durability. Millet.al (2001) established these
parameters through experimental studies and applied CFRP patches to a damaged bridge girder. In
this study the bridge girder was subjected load test by usithgnmgp truck.The application of

CFRP patches increased the globiffirgtss and strength of the girder.
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2.13Bond length
In CFRP patch repair method, the bond length is an important parameter which affects the
load transfer. To determine the bond length, the axial strain distribution along the CFRP patch
length is considerechs a parameter. The expressions for adhesive shear diessofmal
stress i n gJahned spuebes)tforshvubleesytsiet(icladhesive joint werebtained
by using the linear elastic one dimensional solutiblartSmith, 1973. This approach was
further extended to tapered joints and reinforcements by Albat and Romilly (1999). Miller
et.al (2001) experimentally studied the bond length between steel plate and CFRP plate. The
strain along CFRP patch length was measured and compatedhes theoretical model. It was
observed that 99% of load transfer takes place up to 4in (100 mm) developmgiht The
bond behaviourand effective bond length studied by Fawtia2006) indicates the existence of

effective bond length beyond whi@o significant load transfer takes place.

2.14Retrofitting the cracks emanating from notches using CFRPatches
The fastener holes, acts as crack initiators in air craft components. To strengthen these holes,
static cold working technique is usually ewyzd. In addition to cold working, CFRP patches
were also ged to strengthen these holeller et.al (1989) carried out experimental study to find
out the combined effect of adhesive patches and static cold working. The fastener holes were
strengthened, so that the crack growth from the edges of hole decreases. Theptegting
involves two sets of specimens (1) fastener hole with edge notch strengthened using cold working,
(2) fastener hole with both cold working and adhesive patctiesa Ehis experimental progm
concluded that strengthening with bonded adhesives in addition to bonded sleeve increases fatigue
life by 2 times. Jones.@t.al (2003) carried out an experimental program to find the effect of
different parameters rangirigom surface preparation, development lengiid single sided double
sided patch applications on efficiency of patch system. Two types of specimens, central hole and
edge notched were consider&tlis studyobservedhatapplication CFRP overlays aréeneficial
both asa preventive and repair technique. The important conclusion from this study is CFRP

patcheswvere effective in arresting the cracks originated from notches.

Tavakkolizadehtal (2003) conducted experiments on notched steel beams repaired with CFRP
under four point bending load. CFRP patches were applied on tension flanges. He tested a total of
21 specimens of S127*4.5 A36 steel with CFRP patches. The results showed that thea@RRP
not only tends to extend the fatigue life of the component but also decreases the crack growth. A

review of work done in strengthening of steel structures with composites was presented by Zhao
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and Zhang (2006). This study indicated that béedhaviarr, bond strength and fatigue crack
propagationmodelling are important study areas in this rep&ichnique. Fronthese studies the
effectiveness of CFRP in strengthening the damaged steel bridge girders is established. However,
the numerical study reqeid to find out the various parameters of the patch repair system made it
difficult for application. Zhacet.al (2008) came up with an analytical model to predict the fatigue

crack propagatiofor cracks emanating from CFRErengthenedircular notches.

Achoueet.al (2003) performed finite element analysis to understand the effect of composite
patches in retarding the crack from semi circular notches. The stress concentration factor was
decreased by 30% due to patch. The properties of patch system suatthaghgckness and
adhesive properties needs to be optimized for the effectiveness of the repair. Ateah(2r12)
conducted a detailed experimental program combined with finite element study to find out
influence of different variables stiffness ratig,o ung o6 s modul us of compos
adhesive and no. of layers. It was concluded that stiffness ratio greater than one leads to

diminishing result.

2.155ummary
From the existing literature it is clear that adhesive patches are one of the most repable
techniques in aerospace engineering. Same technique applied to repair damaged bridge
components. This technique proved to be successful and can be used with conjunction of old
and simple repair technique such as drilling holes. Joaeal(2003) experimentallgemonstrated
the effect of CFRP patches along witleircular notch. Their study showedat fatigue life of the
specimen increased by more than 50% when CFRP was applied over cracks emanated from central
hole. Previous experimentastudies conducted by various researchers proved that the
combination ofhole and composite patch are effective. However, there is a need to study the
combined action of CFRPatch and hole bothumerically and experimentally. In current study

fracture mechanics approach igonsidered to study this combined action.
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Chapter 3

Finite element nodelling

3.1 Introduction

Finite element analysis (FEA) is conducted in this study using ANSYS 12.0 software. For
modelling all components (i.e. steel plate, adhesive, and CFRP plate) Solid 186 element is used.
Solid 186 element has mid side nodes and perform better in stress singularity regions. The bond
between steel substrate and CFRP patches is assumed to begrehfieodelledas bonded contact

by using multi point constraint (MPC) algorithm. Static tensile load is applied for all the analysis.

3.2 Specimen Dimensions

The mechanism of crack stop hole is to convert sharp crackblotd notch. To illustrate
the effectiveness of the notch different types of geometries weueiesl by previous
researcheras shown inFig.3-1.These geometries are fidein arriving at the optimunsize of
thehole to be drilled through experimental studies. Howewveue to practicabifficulties, none
of these geometries represent the real shapeagk stop hole. In currergtudy the specimen
geometry is considered in such a way that it @epnts the real shape of crastbp hole. The
geometry of the plate is ashown in theFig.3-2.The specimen geometrg taken from the
experimentaivork of Barsom andlicol (1974) and modified frondouble edge notch specimeto

central crack specimen tmodel the effect of crack stdle.
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Figure 3-1 various notchgeometries used in previous studies (Barsom and Rolf, 1999)
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Figure 3-2Crack stop hole geometry

The dimensions of the geometry are giveitable 31 . Fi ve di f drexongderedim adi us
this study to fird the effect of radius. Dottduhe indicates the path considered for calculations.

Table 3-1 Dimensions of the specimen

Width of the specimen (b) 152.4 mm

Height of the specimen (l) 294.2 mm

Length of the crack(2a) 50.8 mm

Total | ength 50. 8+21

Thickness of the steel plate 3.175mm

3.3 Modelling Plate geometry
To model the given geometry (plate geometnf) SOLID 186 element is chosen from the list of
ANSYS Library. This 20nodded elementiasnonlinear material capabilities. SOLID 186 is also
havng mid side nodes and gives better results. Each node will have three translational degrees of
freedom. Umamaheswar and Singh (1999) described thatndaielling this repair technique
efficiently plate, adhesive and patch shouldnedelledas a solid @ments with one brick thick.

This is one of the most efficiemodellingtechniques as it will reduce the size effect. Linear elastic
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materialbehaviouris considered. This assumption is needed as the expression for crack stop hole
existing in the literatte in terms of SIF, which is under linear elastic assumption. However, this
assumption is valid in most of the cases due to the fact that most of the bridge girders loaded well
below their yield strengthThe solid 186 element is as shown in Fg.3The rodes represented

with alphabet anfhcesare represented with numbers.

Figure 3-3 Solid 186 elements

Incremental meshing is employed around the hole to capture the sharp stress gradient. The value of
stress at the edge of the hole is sensitiveléanent sizgsee Fig.%). For five different hole
diameters considered in the study different element sizes are empRiyedof the element is
decided for eachadiusbased on change in stress value with the change of elsirer{see Fig-3

4). Six ekments in thickness direction, 20 elements in radial direction, and 48 elements in angular

direction (A totdof 5760elemenjsareused arounthehole
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Figure 3-4 Element size Vs stress
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Figure 3-5 Finite element models with different radius
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3.4 Material Model
The behaviourof steel is assumed to be linear elastic. The loading conditions, crack
geometry aresuch that the materidiehaviouri s | i near el astic. For ste
value is taken as 200 Gpavevesnodunderstand thenmon lineart i o (
effects, three different loadings 62 Mpa, 82.7 Mpa03d4 Mpa are considered. Mullinear
isotropic hardening (MISO) model is used to stublg non linearbehaviourof the material.
MISO model is available in ANSYS210 mateial model library. MISO modalises VonMisses
failure criteria and isotropic hardening rule. This model is goodsiaall strain problems. The
stress strain curve for mild steel used in this study is given in-6ig.3

500
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350
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250

Stress-Mpa

200

150

100 +——

50 +

0 0.05 0.1 0.15 0.2 0.25 03

Strain
Figure 3-6 Stressstrain curve for mild steel
Properties of CFRP laminate

CFRP laminate isnodelledas a orthotropic material. CFRP material properties are taken from
Ramjiet.a2012.Thickness of the lamina reported in the reference is 0.375mm.The properties of

compositelamina are given in th&able 32.The finite element analysis conducted in this study
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indicates that th&qn.28 is able to predict the stress within 10% error up to a radius 0.2in.(4.57
mm). This is in agreement with finite element analysis conductedilspiand Gabrielse (1971).

Table 3.2 Material Propertied Used in this studyRamjiet.a2012

Material E, E, E, Gy G,y G, Oxy Ozy Ozx
(Gpa) | (Gpa)| (Gpa) | (Gpa) | (Gpa) | (Gpa)
Steel 200 | _ _ _ ~ ~ 03 | _ _
Adhesive 497 | _ _ _ _ _ 0.47 | _ _
CFRP 135 93 93 5 8 5 0.3 0.02 |03
E: Youngd6s modulus; G: shear modul us; g:

3.5 Orientation of fibers
From previous studies it is learnt that to get the maximum effect fiber should be
orientation in the direction of the load. In this case fibers are orienfel®@ the loading
direction. However, to verify the model three different orientations are considered.
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Figure 3-7 Fiber Orientation Vs Stress
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To utilize the fiberstrength effectively, fibers need to align in the direction of applied load.
However, different fiber orientations are considered and analyzed. Among these three Orientations
w T patch layup gives more stress reductioramFig. 3-7 the through thicknesstress reduction is

morefor w Tt patch layup.

3.6 Bonded contact

The connection between CFRP, steel plate and CFRP, adhesimedekedusing bonded
contact. In bonded contact, contacting surfaces are assumed to be glued together throughout the
analysis. D create bonded contact, contact and target elements needs to be defined on the faces of
elements, where they come into contact. In this study Multi point Constraint (MPC) algorithm is
used for bonded contact. MPC connection is good for linear contagtssndt will reduce the
number of equations by eliminating the degrees of freedom for contact and target faces. Bonded
contact especially MPC is useful in connecting the dissimilar meshes and it is preferred over the use

of constraint equations.

Bonded contact

Length of the

patch (150mm) O—®

Bonded contact

Figure 3-8 Multi point constraint (MPC) bonded contact

34



The following are the steps followed in the contact analysis:
1. The geometry of crack stop hole specimen and CFRP patches created
2. All geometries are meshed with solid 186 elemésats Fig.38)
3. A new contact pair is defined using contact wizard
4. A surface to surface contact is defined
5. Contact and target areas defined
6. A linear contact is used
7. MPC algorithm is selected for bonded contact.

Same steps are followed for all four contact pairs generated.
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Chapter 4

Results and Discussions

4.1 Introduction

This numerical study is aimed studying the combined action of crack stop hole and CFRP
patch in arriving at appropriat#ack stop holeadius whersubjected to static tensile load.

Prior to the combined effect, the effect of bare steel specimen was studied to understand the
effect of hole radius in crack retardation. It was observed that the existing equations for
crack stop hole was unconservative due to the fact that a constant stress grbeleB) (

was used irrespective of the hole radilis.study the combined action of CFRP paacta

hole radius, varioustiffness ratiosvere consideredIn addition,nonlinear analysesvere

also carried out toalculatethe notch stress intensity factor-NF).

4.2 Stress Distribution ahead of hole

Stress-Mpa

The stras indistributionin theY-d i r e c {y)ialoead of tlie crack stop hole and along the blunt
edge (through thickness) are shown in Figs(4) and (b)

300 250 -
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(a) Stress distribution ahead of hole (b) Through thickness variation

Figure 4-1 Stress Distribution ahead of the hole
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Figure 4-2 Stress variation ahead of hole

FromFig. 4-2, it can be observed thtie value of maximum stress at the edge of the hole
decreases as radiicreasesBy increasing theadius from 0.78 mnj 1 / 303.87mm( 3 /, & )
value of stress decreases by 5d48the hole edgdn addition thestress gradientan be minimized
by increasing the hole radius.

4.3 Fracture stress concentration facto(Ky)
The two major expressiomavailable for crack stop hole (Barsom and Rolf (1971), Figted
(1980) arebased on the Creagand Paris stress prediction for blunt notches. To demonstrate the
accuracy of Creagor and Paris approach at different radius, fracture stress concentrationYactor (K
is calculated usingqgn.41. These values are compared with Stress Concentration fewn finite
element analysis. The comparison is given in the Talle 4
G+ (4-1)

+

A M

(4-2)

The notch formed by drilling the hole is treated as a crack of length eqtla wriginalcrack
l ength plus two ti mes Todaleulate the stress intemgity factoggorh ol e (

~s
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central crackthe Eqgn. 43 given by Parignd Sih (1965)s used In Egqn.43, the dimensions of the

crack stop hole geometry (see Fig.

+  KzZVUnA CAOA’—\IAEI
AT CA

In the above expression,

Length of the crack (2a) = (50+2* 1) mm
Width of the plate (2b) =152.4 mm

Applied stress (0) = 41.2 Mpa

Table 4.1 Calculation ofStress intensity Factor (SIF)

Radius ofmmt|Length of <cra +
(inch) (Mpavil T
9.56( 3/ 80) 69.8 630.80
6.35( 1/ 40) 63.5 551.93
3.17( 1/ 80) 57.15 480.61
158( 1/ 160) 53.97 447.28
079( 1/ 320) 52.38 431.11

The value ofSIF (K) from Table 4.1lis substituted in Egnd-1 to obtainthe fracture stress
concentratiorfactor. The stress concentration fac(ir) for different radii is presented Tablel-
2.1t can be observefilom Table 4.2 that the regular stress concentration factor shows conservative

results compared to fracture stress concentration factor.

Table 4.2 Comparison between K and K;

Radius of the hole] Maximum Stress K¢ K + +
(mm) (Mpa) P
9.56( 3/ 80 245 5.15 5.94 13.35
6.35( 1/ 40 266 5.85 6.40 8.55
317( 1/ 80 327 7.25 7.83 7.40
158(1/16 412 9.57 10.0 4.27
079( 1/ 32 534 13.07 13.10 0.22
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Figure 4.3 SCF vs. Radius
A graphical comparison of the two stress concentration factors listed in Table 4.2 is shown in Fig.
4.3. The figure indicates thtte values of fracture stress concentration faétgri¢ approaching
to stress concentration factdt,) as radius of théole decreases. Thg valueis more compared
to Kras the radius of the hole increases. This means, fracture mecigmioach underestimates
the stress values at higher values of radilisis may be du¢o the stress gradient effetiEFM
approach adopts @nstanttress gradient 0.5 for all radii, which is not trieom finiteelement
studies it is observed that the stress gradient redinom 0.439 to 0.0%s the radiusncreases
from 0.783 mm to 9.525 mm. (Figi4). This may beahe reason for lesser strggediction in
fracture mechanics methadowever, up to 0.2 radius (6.35 mm) the errdg less than 10%.
The FE study conducteih this research works in agreement with finite element analysis
conducted by Wilsorand Gabielse (1971).
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4.4 Calculation of K,/

K,/ s calculated for different radii to arrive at optimum radius of the hole4Bjis used to
calculate theK, / m The value of maximum stress at the edge of the isotebtained from
finite elementanalysis. Table-8 shows the values of,K mfor different radiusvalues.

_ (4-6)

Table 4-3 Calculation of K,/ ~ for different radii of the hole

Radius of Stregss K/ m
(mm) (Mpa) (Mpanil T
9.56( 3/ 80| 245.01 217.13
6.35( 1/ 40| 266.03 235.76
317( 1/ 8 0] 327.02 289.81
158( 1/ 16¢ 412.2 365.30
079( 1/ 32¢ 539.93 47850

According to the thresholthdiusgiven by Barsom and Rolf (1971) for given loading conditions
and crack length, a crack stop hole of 0.783 (nth / 3s2e@cgssaryo preventcrackgrowth (see
Fig.4-4)..). This isin the order of 0.01 in, which cd® considered asquivalent to sharp crack
with respect tacrack initiation life Therefore, according tthreshold limit given by Barsom and

Rolf the crackdoes not propagate for an applied stress of 41.2 Mpa and for a crack length of 2
inches (kept constant for all values of radiusj-conservative prediction of K mmight be the

one of the reason for thteo small radius of th@ole To determinethe accuratestressvalue and
stresgyradient NSIF is calculated.
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Figure 4-4 Calculation of K,/ ~ Values

4.5 N-SIF calculation

Theliterature review indicates that tioeack initiation life (Ni) of a notch igypically expressed
as a function of K/ ~ in all studies This K, / ~ criteria is based on linear elastic fitace
mechanics (LEFM). In LEFMrame work, the stress gradiesitead of the cracis expressed as a
function of 1 U1l singularitywhich indicates that when the radius approaches zero, it behaves like a
sharp crackHowever,the LEFM assumption is not valid if loading, crackognetry and specimen
thicknesdeads to yielding at notch tip. In this study byegeg the geometry as samedincreasing
the load, the notinear effects e studied.Three different loadings areonsideredfrom the
experimental work of Fishest.al (1980) 62Mpa (9 ksi), 82.7 Mpa, and 103.4 Mpa. The stress
gradi ent ( B3sediorsreatsadsscdibtitiant Thedstress distributiaahead ohotch tip is
calculated bynon linear finite element analysis. To account stress gradient ansl disegiutionN-
SIF is calculated for each case. The concept éIN is explained in chapte8. The NSIF
expresion for blunt notches is given by Boukharouba et.al (1995) EqGi)Stress distribution for

one particular case (62 Mpa loading, 9.52% (inch)hole radius) iexplained below:
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Figure 4-5 Stress distribution ahead of crack stop hole

In Fig 4-5, stressiny i r e c t,) abead of otch tip iplotted in semi log scale. Theress
distribution is divided into three different regions. Inioggl, the magnitude of stresgmains
same. The distance up to which stress magnitude remains ¢oisstiiined as characteristic
distance (). The regiondl also known as pseudo singular zonehere stress distribution
can be expressed as a function eSI¥. In regionlll, the stressmagnitude is equal to the nominal

stress.

Figure 4-6 illustrakes the stress distribution ahead of craimp shole with different radiiThese
results are obtained from non linear finite elemanalysis. The crack stop hofpecimen is
subjected to a tensile load of 62 Mf& Ksi). This load is taken from the experimental study
conducted by Fishegt.a1980). The maximum stress value increaseth the decrease ofadius
value. To calculate the values of characteristic distangg (e stressalue near the hole edge is
plotted for three different loads (See Figi44-8, 4-9).
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Figure 4-6 Stress distributions ahead of notch for different radii

Figure4-7 Characteristic lengths (62 Mpa load)
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