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Abstract

It is well known that drilling a hole ahead of crack tip is one of the most common
techniques to prevent crack propagation in structures subjected to fatigue load. An
adequate size crack stop hole is necessary to convert a sharp crack into a blunt notch there
by preventing crack propagation. However, fatigue cracks typically occur at locations
where drilling a crack-stop hole of required dimensions may not be possible due to
geometrical constraints. In such situations, the crack may initiate again from the hole
within its service life. Hence, there is a need to strengthen undersized crack-stop holes.
In the present study, a combination of crack-stop hole and carbon fiber reinforced
polymer (CFRP) overlays under static loads are studied numerically using finite element
analysis (FEA) to evaluate its potential as a viable repair technique. A steel plate with an
initial central crack subjected to static tensile loading is considered. A hole is modelled
ahead of a crack tip and CFRP patches are applied on either side of the crack. The
numerical analysis is performed using general purpose FEA ANSYS to evaluate the stress
intensity factor at notch tip (NSIF). The material behaviour is assumed to be elastic in
case of linear analysis and as a multi linear isotropic hardening material type for nonlinear
analysis.

Chapeter 1 deals with the effect of crack stop hole and symmetrically bonded CFRP patch
in halting a crack propagation in mode-1. A comparison between CSIF and NSIF is carried
out in Chapter 1. The parameters that are varied in study are crack length, crack stop hole
radius, load and CFRP layers. The results from linear analysis are used to compare Crack
Stress Intensity Factor (CSIF, K; A/Z) and Notch Stress Intensity Factor (NSIF, K; /p%).
The results indicate the need to include the stress gradient o in arriving at adequate crack
stop hole radius for both bare steel and CFRP patched specimens. Nonlinear FEA, which
takes into account the post yield material behaviour, is carried out to propose a modified
NSIF expression by including a Reduction Factor (RF) that is a function of the ratio of
the radius of crack stop hole to crack length (p /2a), the ratio of stiffness of CFRP to steel
(SR) and the ratio of applied stress to yield stress (ouppiiea/Tys). A numerical example

is provided to demonstrate the applicability of the proposed equation.



Chapeter 2 deals with the effect of crack stop hole and asymmetrically bonded CFRP
patch in halting a crack propagation in mode-1. The parameters that are varied in study
are crack length, crack stop hole radius, load and CFRP layers. The patch is applied only
on one side, this done to stimulate condition where there is no access to apply patch on
other side. This results in bending due to eccentricity in loading caused due to difference
in stiffness ratios of steel and CFRP. Nonlinear FEA, which takes into account the post
yield material behaviour, is carried out to propose a modified NSIF expression by
including a Reduction Factor (RF) that is a function of the crack stop hole radius (p),
crack length (2a), the ratio of stiffness of CFRP to steel (SR) and applied stress (o4ppiiea)-
A numerical example is provided to demonstrate the applicability of the proposed
equation.

Chapeter 3 deals with the effect of crack stop hole and CFRP patch in halting a crack
propagation when it is inclined with respect to loading. The parameters that are varied in
study are crack inclination, crack stop hole radius, load and CFRP layers. The effect of
patch when it bonded symmetrically and asymmetrically is also studied in this chapter.
Nonlinear FEA, which takes into account the post yield material behaviour, is carried out
to propose a modified NSIF expression by including a Reduction Factor (RF) that is a
function of the crack stop hole radius (p), crack inclination (2a), the ratio of stiffness of
CFRP to steel (SR) and applied stress (ggppiiea)- A numerical example is provided to

demonstrate the applicability of the proposed equation.
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Nomenclature

CFRP
CSIF
Ecrre
Esteel
NSIF
RF
SR

Xe

o

P

Oys

Oy max
Oapplied

Oyy
2a

Carbon fibre reinforced polymer

Crack stress intensity factor

Young’s modulus of CFRP

Young’s modulus of steel

Notch stress intensity factor

Reduction factor

Stiffness ratio

Characteristic distance up to which stress is constant a head of
crack stop hole

Gradient of stress distribution a head of crack stop hole
Crack stop hole radii

Yield strength of steel

Maximum stress in Y-direction
Applied stress
Stress in Y-direction

Crack length
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CHAPTER 1

Numerical Study on Halting Crack Growth using Crack Stop
Hole and Symmetrically Bonded CFRP Laminate

1.1 Introduction

Steel bridge girders are subjected to fatigue loading due to continuous vehicular traffic. The
girders that are not designed as per fatigue detailing may develop cracks due to fatigue load. In
most cases, cracks initiate at potential weld sites, where there is a material discontinuity (see
Fig.1). If the crack continues to grow and is left unrepaired for a long time, it may lead to
catastrophic failure, which is undesirable. Hence, cracks need to be arrested by using appropriate
retrofitting techniques. The success of any retrofitting technique depends on identifying the
location of the crack and the nature of loading. These retrofitting techniques are classified broadly
into two groups [1]: (a) Local retrofitting techniques which include crack stop holes, peening, gas
tungsten arc (GTA) welding that modify the local stress state and (b) Global retrofitting
techniques that include strengthening with steel plate or composite laminates. Experimental
studies by Fisher et al. [2] indicate that of the repair methods discussed above, drilling a crack
stop hole ahead of a crack tip is one of the effective methods to arrest the crack propagation. The
basic principle behind the use of crack stop hole is to convert the sharp crack into a blunt notch
thereby converting it into a problem of evaluating Notch Stress Intensity Factor (NSIF) than the
Crack Stress Intensity Factor (CSIF). A comparison between CSIF and NSIF is shown in Table
1.

The success of using a crack-stop hole as a means to arrest crack growth depends on the length
of the crack, type of the loading and location of the crack. In some cases, it is not possible to drill
a hole with a radius as obtained from analytical expressions, due to lack of space in complex
structural steel connections. In such situations, a practicing structural engineer may be required
to drill an undersized crack stop hole (less than design diameter) as a temporary measure. This
approach may lead to re-initiation of crack stop hole after few loading cycles. Crack stop hole is
fully effective only if the radius of the hole satisfy design requirements [3]. In addition, crack

stop hole technique is not feasible, if the 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 the damaged portions. However, the
literature indicates that in most cases, the cracks emanated from the edges of the attached plate.
In addition, these plates were causing an increase in dead load which was undesirable. Recently,
carbon fiber reinforced polymer (CFRP) patches have been used to replace these steel plates for
external strengthening owing to its better properties such as light weight and better fatigue
performance [4]. These techniques are more efficient and are applied in strengthening old
bridges. In the current study, both these techniques i.e. drilling holes and application of adhesive
patches are studied together as repair techniques. The literature indicates that limited research has
been conducted on the combined behavior of crack stop hole and CFRP as a repair technique for
retarding crack growth and is important to develop one [1].

1.2 Background

Prior to studying the combined behavior of crack stop hole and CFRP reinforced steel plates, it is
essential to study the individual behavior of cracked steel plates and crack stop hole without
CFRP. As discussed previously, the objective of drilling a crack stop hole is to convert a sharp
crack to a blunt crack. Unlike sharp cracks where the crack initiation life (N;) is negligible, blunt
cracks have significant N; and cannot be neglected. In this study, Linear Elastic Fracture
Mechanics (LEFM) approach is adopted to explain the crack initiation from blunt cracks.
Experimental studies carried out by Barsom and Nicol [5] and Jack and Price [6] express the crack
initiation life (N;) of the blunt crack, as a function of ratio of stress intensity factor (K)) to the
square root of notch radius (p) as shown in Eq. 1. The relationship between two terms, K| /\/ﬁ
and maximum stress at the edge of the hole (oy max) Was given by Creagor and Paris [7] using
LEFM concepts that is obtained by substituting r=p/2 and 6=0 in Eq. 3. The expressions (Egs.2,
3 & 4) represent the stress state at the edge of the notch obtained by shifting the origin to a distance
half of the radius (p/2) behind the crack front as shown in Table 1, and is accurate when radius of

the hole is small compared to the length of the crack (p<<a).
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1.2.1 Crack stop hole expressions

There are two major crack stop hole expressions that exist in the literature. One is by Barsom [8]
and the other is by Fisher et al. [2]. Both researchers adopted LEFM approach to explain their
experimental studies on notches with different acuities. However, these two studies are different
in terms of scale of testing and grade of steels used. Barsom [8] studied the notch effects on the
fatigue crack initiation behavior of different grade steels from 250 MPa (36 ksi) to 800 MPa (110
ksi) were studied at a stress ratio of 0.1 in three point bending. Test results indicate that the fatigue

crack initiation threshold (K; /\/Z) increases with the increase in grade of steel. The same test
carried out at different stress ratios -1.0 and 0.5 indicate that the fatigue crack initiation threshold

(K /ﬁ) is independent of stress ratio and is given as:

K,

\/—; =10,/0y (5)
Equation 5 is unit sensitive and all units must be in ksi and inches.
Fisher et al. [2] studied several retrofitting techniques and compared them experimentally. These
retrofitting techniques include peening, gas tungsten arc (GTA) welding and crack stop holes. A
comparison was made between different retrofitting techniques in terms of increase in fatigue
life. For long cracks, a crack stop hole of 13 mm (1/2 inch) and 25 mm (1 inch) diameter was
drilled at the crack tips. After drilling the crack stop hole, the radius of crack tip becomes the
radius of the hole. Based on experimental study, a threshold ratio of K| /\/E was proposed (Eg.

6). Tests were conducted at different stress ranges from 41.2 MPa (3 ksi) to 103.4 MPa (12 ksi).

K,
—=4,/0y (6)

/p

Equation 6 is also unit sensitive and all units must be in ksi and inches.

1.2.2 CFRP and steel applications

The use of CFRP as a repair material was initially used in the aerospace industry for arresting the
crack growth in fastener holes due to fatigue load in addition to static cold working. Heller et al.

[9] carried out an experimental study to evaluate the combined effect of adhesive patches and
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static cold working. The experimental program concluded that strengthening with bonded
adhesives in addition to bonded sleeve increases fatigue life twice. Jones and Civjan [10] carried
out an experimental program to find the effect of different parameters ranging from surface
preparation, development length, single sided, double sided patch applications on the efficiency
of the patch system. It was concluded that application of CFRP overlays is beneficial both as a
preventive and as a repair technique and were effective in arresting the cracks that originated from
the notches. Tavakkolizadeh and Saadatmanesh [11] conducted experiments on notched steel
beams repaired with CFRP under four point bending load. CFRP patches were applied to tension
flanges. The results showed that the CFRP patch not only tends to extend the fatigue life of the
component but also decreases the crack growth.

Achour et al. [12] performed finite element analysis to understand the effect of composite patches
in retarding the crack from semicircular notches. The stress concentration factor was decreased
by 30% due to the patch. The studies also indicate that the properties of patch system such as
patch thickness and adhesive properties need to be optimized for the effectiveness of the repair.
A review of work done in strengthening of steel structures with composites was presented in [13].
This study indicated that bond behavior, bond strength and fatigue crack propagation modeling
are important study areas in this repair technique. Liu et al. [14] proposed an analytical model to
predict the fatigue crack propagation for cracks emanating from CFRP strengthened circular
notches. Alemdar et al. [15] conducted a detailed experimental program combined with finite
element study to determine the influence of different variables like stiffness ratio, Young’s
modulus of composite, thickness of adhesive and number of layers. It was concluded that stiffness
ratio greater than one (CFRP stiffer than parent material steel) leads to diminishing results.
Hmidan et al. [16] has conducted a numerical study by varying different parameters like flange
to web area ratios, crack depth to height ratios, CFRP to steel area ratios, CFRP to steel modular
ratios and CFRP bond widths. The results were used to propose a correction factor for the SIF
(K)) of CFRP strengthened steel girders.

From the existing literature it can be observed that most of the research work is focused on the
use of CFRP alone as a repair technique except Jones and Civjan [10] and Achour et al. [12] who
have induced a notch at the crack tip in addition to adhesive patch. Since the potential for using

crack stop hole combined with CFRP as an effective technique to prevent crack propagation is



large, there is a need to study the same. In the present work, a numerical study using FEA is

considered to study this combined action.

1.3 Geometry and FE modelling

In this research work, both linear and nonlinear finite element analysis (FEA) is carried out.
Linear elastic analysis is necessary to evaluate CSIF since the expression for crack stop hole
present in the literature in terms of CSIF, is based on linear elastic assumption. However, this
assumption is valid in most cases due to the fact that bridge girders are typically loaded well
below their yield strength. Nonlinear FEA is necessary as it considers the post yield material
behavior of steel which in the present study is Multi Linear Isotropic hardening (MISO) and its
stress strain values are given in Table 2. FEA is conducted in this study using ANSYS 12.0
software. The components (i.e. steel plate, adhesive, and CFRP patch) were modeled using Solid
186 element that has mid side nodes and perform better in stress singularity regions. The
connection between adhesive and CFRP patch and adhesive and steel plate are modeled using
bonded contact. In bonded contact, contacting surfaces are assumed to be glued together
throughout the analysis by using multi point constraint (MPC) algorithm.

The CFRP laminate is modeled as an orthotropic material whose material properties (Table 3) are
taken from [17]. In this study, the fibers are oriented in the direction of load to achieve maximum
capacity. Static tensile loading is applied for all the analysis. The magnitudes of loads applied
are 41.2 MPa (6 ksi), 62 MPa (9 ksi), 82.7 MPa (12 ksi), 103.4 MPa (15 ksi) which are reported
as loads that the bridge girders are generally subjected to [2]. Incremental meshing is employed
around the hole to capture the sharp stress gradient because the value of stress at the edge of the
hole is sensitive to the element size. The number of elements used around the hole is 6 elements
in the thickness direction, 20 elements in radial direction and 48 elements in angular direction
[18]. Figure 2 shows the typical central crack that is used in FEA along with a crack stop hole
and CFRP, the dimensions of which are given in Table 4. A typical FE mesh is shown in Fig. 3a
and circular meshing around crack stop hole is shown in Fig. 3b. The parameters studied include
the ratio of the radius of crack stop hole to crack length (p /2a), the ratio of stiffness of CFRP to
steel (SR) and the ratio of applied load to yield stress (6 gppried/Fys)- A total of 1008 nonlinear
FEA analyses were carried out by varying different parameters as shown in the Table 5. These
analyses was carried out to understand the effect of crack length, crack stop hole radius and the

number of patches on the stress at the edge of the hole.
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1.3.1 Validation of FE model

The finite element model that is developed in this work is validated by comparing the SIF (K))
value obtained from ANSYS and analytical expression (Eq. 7) for a bare steel specimen having
25.4 mm (1 inch) crack length. The SIF (K;) from ANSYS is obtained by evaluating the J-integral,
which is obtained using the domain integral method in ANSYSS software (2012). The relationship
between SIF (K) and J-integral is given in Eq. 8. The comparison between the values obtained
from ANSYS and analytical expression is shown in Fig. 4. From the figure it can be observed
that the results obtained from ANSYS is in close comparison with the results obtained from

analytical expression with an average error of approximately 3%.

K; = O4ppliea * VTTQ (7

K, = JEx] (8)
1.4 Results and discussion

This numerical study is aimed at studying the combined action of crack stop hole and the CFRP
patch in arriving at the appropriate crack stop hole radius when subjected 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 stress
intensity factor was un-conservative due to the fact that it does not take into account the
characteristic distance (X) from the hole edge up to which the stress remains constant and the
linear decrease in stress at a gradient («) thereafter. To overcome the above problem, the stress
intensity factor was calculated using NSIF which includes the effect of X; and a. As will be
described in the next sections, it was observed that the use of NSIF resulted in a larger radius hole
compared to CSIF which indicates that the use of CSIF results in a un-conservative prediction.
Henceforth, the stress analysis carried out for the combined action of crack stop hole and CFRP
patch were based on NSIF.  The resulting stress reduction factors were curve fit using simple
regression models to arrive at a reduction equation in terms of p /2a, SR and (Ggppiica/0ys). The
applicability of the proposed equation is demonstrated using a design example. In addition to

NSIF, the variation of peel stress at CFRP edge is also studied.

1.4.1 CSIF calculation

Prior to proceeding with NSIF, a study was carried out to determine the crack stop hole diameter

using Eqg. 9 which is based on CSIF.



K _ Oymax *VT
Jp 2

The value of maximum stress at the edge of the hole in the loaded direction (oy max) iS Obtained

€)

from FEA. According to the threshold radius (Eg. 5) by Barsom [8] for given loading conditions
and crack length, a crack stop hole of 1 mm (0.039 inch) is necessary to prevent crack growth
(see Fig. 5), which can be considered as equivalent to sharp crack due to very small radius with
respect to crack initiation life . Therefore, as per the threshold limit given by Barsom [8] the crack
does not propagate for an applied stress of 41.2 MPa and for a crack length of 50.8 mm (2 inch)
(kept constant for all values of radius). The required radius of crack stop hole is so small that it
obviates the need to drill a crack stop hole. This might be due to the use of a constant exponent
of 0.5 for p in the existing formulation (Eg. 9) irrespective of hole dimension and may lead to un-
conservative prediction. To determine the accurate stress intensity value and stress gradient, NSIF

is calculated.

1.4.2 NSIF calculation

The literature review indicates that the crack initiation life (N;) of a notch is typically expressed
as a function of K /\/E which is based on LEFM. In LEFM frame work, the stress gradient is

expressed as a function of 1 /+/r singularity which indicates that when the radius approaches zero,
it behaves like a sharp crack. However, the LEFM assumption is not valid if loading, crack
geometry and the specimen thickness leads to yielding at notch tip. In the present study, initially
NSIF based on linear FEA is calculated to compare with CSIF. The results indicate that CSIF is
un-conservative than NSIF. Later, nonlinear FEA is carried out to propose the modified NSIF
expression. The output from FEA is used to determine X and « needed to evaluate NSIF using
Eqg. 10, which is given by Boukharouba et al. [19].

Ky = 0y, (Xc) * V2 (X, + g) (10)

where, ay,= Stress at characteristic distance Xc, p= Radius of the notch and a= Stress gradient.
Figure 6 shows a typical variation in stress ahead of a crack stop hole in a log-log plot for one
particular case [2 inch crack length, 82.7 MPa loading, 9.525 mm (3/8 inch) hole radius, without
CFRP].



It is found that the crack stop hole radius calculation based on NSIF approach gives a radius value

10 mm (Fig. 5) which is much greater than 1 mm obtained from K| /\/E for a load value of 41.2

MPa. To further demonstrate the importance of NSIF, a comparison was made between K /,/p
and K, /p* for a crack length of 50.8 mm (2 inch) and seven different radii. Four different loads
were applied to the specimen as shown in Table 6. From the table it is clear that K, /\/Z approach
is unconservative (smaller design hole radius) compared to K; /p® approach and the percentage
difference in predicted values varies from 50% at 9.53 mm radius to 70% at 0.79 mm radius for
each load case. This indicates that the optimum crack stop hole radius should be based on K, /p%
approach. Having established the importance of NSIF for bare steel specimen, henceforth, K, /p®
should be calculated based on Eq. 10. Similarly, the combined action of CFRP patch and crack
stop hole is studied numerically by carrying out nonlinear FEA and the results are expressed in
terms of K, /p°. Prior studies on CFRP—steel application indicate that CFRP patches are effective
in arresting the cracks initiating from the notches. The results were expressed as a variation of K|
/p“ with stiffness ratio and crack stop hole radius.

1.4.3 Effect of stiffness ratio (SR) and crack stop hole radii (p) on K, /p*

Stiffness ratio (SR) is defined as the ratio of axial stiffness of composite plate to axial stiffness of

steel plate (Eq.11). It is assumed that the axial load is transferred in the ratio of their stiffness.

SR = tcrrPECFRP (11)

tsteelEsteel

Figure 7 shows the variation of K, /p* with stiffness ratio (includes specimen w/o patch) for a
crack length of 25.4 mm (1 inch) and for applied load of 41.2 MPa, 62 MPa, 82.7 MPa and 103.4
MPa. In general, it can be observed that there is a decrease in K, /p* with an increase in stiffness
ratio. The effect of the first two to three layers are significant as can be seen from the steepness
of the curves whereas with increase in the number of layers (stiffness ratio), the percentage

reduction in K, /p* decreases as shown by the flattening of the curve.

Figure 8 shows the variation of K, /p* with crack stop hole radii for a crack length of 25.4 mm (1
inch) and for applied load of 41.2 MPa, 62 MPa, 82.7 MPa and 103.4 MPa. AKkin to stiffness
ratio, it can be observed that there is a steep decrease in the K, /p* values for the hole radii up to
5 mm after which the percentage reduction in K, /p* decreases as shown by the flattening of the
curve. Similar variation of K, /p* with SR and crack stop hole is observed for crack lengths 1.5,

2.0 and 2.5 inches, the results of which are not shown here for brevity.
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1.4.4 Reduction Factor (RF)

To account for the effect of CFRP patch in stress reduction, a reduction factor (RF) is introduced.

Reduction factor = (K; /p*)with CFRP 12
eduction factor = (K, /p®) w/o CFRP (12)

The RF for different loads, SR and p of a 1 inch crack length are plotted in Fig. 9. From Fig. 9a
to 9c it is clear that as the SR is increasing RF is decreasing, which means that there is a decrease
in NSIF with increase in the number of CFRP layers. In Fig. 9d (103.4 MPa) it can be observed
that there is a slight kink in RF curves for stiffness ratio less than 0.1. The kink in RF curves
indicates that for higher applied stress of 103.4 MPa, lesser number of layers is not sufficient to
cause a reduction in K; /p”. Whereas when the stiffness ratio crosses beyond 0.1, the stiffness of
CFRP is sufficient enough to cause a reduction in K, /p* It can also be observed that an SR of
0.96 can reduce the K, /p* value on an average to 14%, 20%, 24%, and 28% of the bare steel
specimen corresponding to applied loads of 41.2 MPa, 62 MPa, 82.7 MPa and 103.4 MPa
respectively. The RF value for different crack lengths (1.5, 2, 2.5 inches) and for different applied
loads are given in Table 7 through 9. This factor is a function of stiffness ratio (SR), ratio of

applied load to yield stress (Gappiica/Tyieia), @nd ratio of crack stop hole radius to crack length

(p/2a). This factor could be incorporated in Eqg. 10 given by Boukharouba et al. [19] as shown

below:
p a
Ky = (0yy (Xe) * V2 (X, +§) ) % RF (13)
For 0 <SR <0.96
RF = a (SRS) + b (SRH) + ¢ (SR®) + d (SR?) + e (SR) + 1 (14)

Where, RF = Reduction Factor and SR = Stiffness Ratio

Eq. 14 is formulated such that the RF becomes unity when the SR becomes zero. This means that
with no CFRP patches, Eq.13 merges with the original equation (Eq.10) provided by
Boukharouba et al. [19]. The variables a, b, c, d and e are the coefficients of Eq. 14 that are

dependent on agppiiea/dys and p/2aas given in Eq. 15.

p0 + plxx + p2xy + p3*x2+ pd*y? + pS*xx*y + p6*x2*xy + p7 xx =

y* + p8xy? (15)



Note: In Eq.15 the variables x and y represent og,piica/0ys and p/2a respectively. The
coefficients of Eq. 15 vary with a, b, ¢, d and e as shown in Table 10. It should be noted that
Eq.14 is empirical and the units of load, radius and crack length are in MPa, mm and mm

respectively.

1.45 Effect of SR and load on peel stress

Peel stress (o,,) at the CFRP edge causes debonding of CFRP from the specimen, due to the large
stiffness difference between adhesive and CFRP. In this paper a study on peel stress for different
loads and CFRP thicknesses (SR) has been carried out. The variation of peel stress has been
studied along the X-X and Y-Y lines as shown in Fig. 10. Figure 11 shows the variation of peel
stress on CFRP edge along the line x-x for 4 different loads and 8 different SR’s. From Fig. 11
it can be observed that as the number of CFRP layers increases, the magnitude of peel stress also
increases. Similar observation can be made for Fig. 12 where the peel stress is plotted for 4
different loads with lower (SR = 0.08) and higher (SR = 0.96) SR. In addition, the peel stress
variation along the line Y-Y is shown in Fig.13. From the plot it can be observed that there is a
spike in peel stress at the CFRP edge due to sudden change in stiffness and with an increase in
SR, the magnitude of peel stress also increases. It should be noted that the variation in peel stress
shown in Figs 11-13 were based on a crack length of 25.4 mm (1 inch) and 6.35 mm (0.25 inch)

crack stop hole radius.

1.4.6 Numerical example and verification using FEA

Consider a load of 34.4 MPa (5 ksi) acting on a specimen with center crack of length 50.8 mm (2
inch). The steel and CFRP properties and dimensions are the same as considered in this paper.
The site conditions are such that the maximum radius of hole that can be drilled is 4 mm.
Determine the number of CFRP layers required to arrest the crack.

Solution: The solution to the problem is carried out in a step by step format as shown below: 1.
Calculate K, /p” of a bare steel specimen and plot the variation of the same with respect to various
crack stop hole radii (0.375 inch to 1/32 inch) as shown in Fig. 14.

2. Plot the threshold line given by Barsom [8] (Eg. 5) in the same plot of K, /p* versus crack stop
hole radii to determine the threshold radius. The threshold radius in this case is 6 mm which is
greater than the 4 mm hole that can be drilled on site necessitating the need to reinforce the crack

with CFRP patch to prevent crack re-initiation.
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3. Now, as a start assume that 1 layer of CFRP patch is required with a crack stop hole radii of 3
mm and calculate the parameters p/2a (3/50.8) and 6 4ppiiea/9ys (34.4/303) to input in Eq.15.
4. Input the parameters obtained from Step 3 in Eq.15 and determine coefficients a through e by
using corresponding po through p8 for each coefficient using Table 10.

5. Using the coefficients a through e obtained from Step 4 and SR from Eq. 11, calculate RF using
Eq. 14. The RF value comes to around 0.4564.

6. From Fig. 14, the value of K, /p* of a bare steel specimen with crack stop hole radius of 3 mm
is approximately 600 MPa. The corresponding value of specimen reinforced with 1 CFRP layer
will be 274 MPa (0.4564*600).

7. The reduced K, /p* value (274 MPa) is now compared with 10\/0_),3 (477 MPa). This value

(477 MPa) is greater than reduced K, /p” value (274 MPa) which indicates that 1 layer of CFRP
with 3 mm radius will not result in crack re-initiation. Since the site conditions in the problem
permit up to 4 mm crack stop hole radius, the assumed 1 layer of CFRP reinforcement with 3 mm

crack stop hole radius (undersized) is valid.

A nonlinear FEA was carried out for the above conditions (2a= 50.8 mm, p=3 mm, SR =0, 0.08,
load = 34.4 MPa) and the results were used to calculate K, /p” for bare steel specimen and patched
specimen with 1 layer respectively. The results indicate that the RF value is 1 (591 MPa) for bare
steel specimen and 0.442 (261 MPa) for a patched specimen with 1 layer. It can be observed that
the difference is 3.2% between proposed equation and FEA indicating the accuracy of the

proposed equation.

1.5 Conclusions

This numerical study focuses on fracture mechanics approach to evaluate the effectiveness of the
combined action of crack stop hole and CFRP patch. The studies to determine the appropriate
crack stop hole radius for bare steel specimen indicated the need to adopt NSIF equation rather
than CSIF due to the un-conservative nature of the latter. In the present study, crack stop hole
serves as a notch and it is assumed that the crack originates from the edge of the hole. The
application of CFRP will retard the crack re-initiation by reducing the stress value. The effect of
patch thickness on the reduction of stress is calculated in terms of stiffness ratio and it is observed
that stress is reduced by 80% and 20% at a stiffness ratio of 0.96 and 0.16 respectively. A

parametric study was carried out for various crack stop hole radii, stiffness ratio and magnitude
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of loads. A total of 1008 nonlinear FEA (Table 5) was carried out and the results of this study
were curve fit to arrive at a reduction factor. This reduction factor in terms of p/2a, SR and
O applied/ Fys 10 include the effect of CFRP patch was used to modify the equation proposed by
Boukharouba et al. [19]. The applicability of the developed reduction factor is demonstrated
using a numerical example and validated by FEA. The peel stress studies carried out indicates

that the magnitude of peel stress increases with stiffness ratio and magnitude of load.

It should be recognized that the current formulation of perfect bonding between steel and CFRP
layers may not reflect reality. However, the significant improvement in stress reduction when
evaluated against the bare steel specimen simulated with the same geometry (crack length and
crack stop hole radius) and material properties of steel shows the potential of the proposed retrofit

and the suitability of NSIF in predicting its effectiveness.
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Figure 1.1: A pictorial view of a girder with cracks
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Figure 1.2: Schematic representation of the specimen
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Figure 1.3a: Typical FE mesh of specimen
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Figure 1.3b: Circular meshing around the crack stop hole
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Table 1.1: Comparison between K| /\/B Vs K /p*

Crack stress intensity factor (Ki)

Notch stress intensity factor (K,)

KI/\/E

K, /p® (or) K, /p°

o max*ﬁ
Kl/\/B - YT

o
Kp = oyy (Xc) * V21 (XC + g)

CSIF considers only the stress at the

edge of hole.

NSIF considers not only the stress at the
edge of hole but also its distribution
ahead of crack stop hole

Blunt Notch

44

-

<

-

, - —Singular Stress

Stress due to Blunt Notch
N
\
N
~
N ~

—

«— P2

>
»

Table 1.2: Steel material property
(MISO, Ex =200 GPa, vxy = 0.3)

Strain

Stress

0

0

0.001508

301.6

0.016433

303.88

0.039968

376.88

0.090192

437.36

0.159939

461.92

0.25861

467.88
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Table 1.3:

CFRP and adhesive material properties

Material | Adhesive | CFRP
Ex(GPa) | 4.97 135
E, (GPa) - 9
E, (GPa) - 9
Gxy (GPa) - 5
Gzy (GPa) - 8
Gz (GP&) - 5
Uxy 0.47 0.3
Uzy - 002
Vzx - 03

Table 1.4: Dimensions of the specimen

Dimension

Value

Width of the specimen (2b), mm 152.4

Height of the specimen (L), mm 294.2

Thickness of the steel plate (T), mm | 3.175

length of CFRP and Adhesive, mm | 127

Thickness of the CFRP, mm

0.375

Thickness of the Adhesive, mm 0.1

Table 1.5: Values of different parameters considered in the study

Parameter Values Quantities
Crack length (inch) 1,15,2,25 4
Crack stop hole radii (inch) 3/8, 5/16, 1/4, 3/16, 1/8, 1/16, 1/32 7
CFRP layers 0,1,2,4,6,7,8,10, 12 9
Load (MPa) 41.2, 62,82.7,103.4 4
Total No. of analysis 1008
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Table 1.6: Comparison between K /\/B and K, /p* for different loads and radius

of a bare steel specimen (2 inch crack)

Ki /\/p (MPa) Ki /p* (MPa)

Radius Applied Stress (MPa)
mm(inch) | 412 | 62 | 827 | 1034 | 412 | 62 | 827 | 1034
053(3/8) | 217 | 327 | 436 | 545 | 484 | 729 | o972 | 1215
7874(5/16 | 224 | 2338 | 450 | 563 | 508 | 765 | 1021 | 1276
635(2/8) | 236 | 355 | 473 | 592 | 545 | 821 | 1095 | 1369

(4;1762) 258 | 380 | 518 | 648 | 623 | 938 | 1251 | 1565
3175(1/8) | 290 | 436 | 582 | 727 | 743 | 1119 | 1492 | 1866
158 (1/16) | 365 | 550 | 733 | 917 | 108L | 1627 | 2171 | 2714
079(1/32) | 479 | 720 | 960 | 1201 | 1675 | 2500 | 3361 | 4203
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Table 1.7: RF values at 62 MPa load for different crack length, crack stop hole
radius and SR

Crack Radius 62 MPa

Length (mm) SR

(mm) 0 0.08 | 0.16 | 0.32 | 0.48 | 0.56 | 0.64 | 0.8 | 0.96
0.79375| 1.00| 0.76 | 0.60| 0.45| 0.36| 0.33| 0.30| 0.26 | 0.23
15875 | 1.00| 0.69| 054 | 040| 0.32| 0.30| 0.27| 0.24| 0.21
3.175 1.00| 0.63| 050| 0.37| 030 | 0.27| 0.25| 0.21| 0.19

25.4 4,572 1.00| 0.60| 0.47| 035| 0.28| 0.25| 0.23| 0.20| 0.18
6.35 100 060| 048 | 035| 0.28| 0.25| 0.23| 0.20 | 0.18
7.874 1.00| 0.62| 049 | 036| 0.29| 0.26 | 0.24| 0.21| 0.18
9.525 1.00| 0.64| 050| 0.37| 0.30| 0.27| 0.25| 0.21| 0.19
0.79375| 1.00| 0.75| 058 | 0.42| 0.34| 0.31| 0.29| 0.25| 0.22
15875 | 1.00| 0.73| 057 | 041 | 0.33| 0.30| 0.28| 0.24| 0.21
3.175 1.00| 066 | 052 | 0.38| 031 | 0.28| 0.26 | 0.22 | 0.20

38.1 4572 1.00| 059| 046 | 033 | 0.27| 0.25| 0.23| 0.20| 0.18
6.35 1.00| 058| 045| 0.33| 026 | 0.24| 0.22| 0.19 | 0.17
7.874 1.00| 059 | 047 | 034 | 0.27| 0.24| 0.23| 0.19| 0.17
9.525 1.00| 058| 0.46| 033 | 0.26 | 0.24| 0.22| 0.19| 0.16
0.79375| 1.00| 0.73| 056 | 041 | 0.33| 0.30| 0.27| 0.24| 0.21
15875 | 1.00| 0.75| 058 | 042 | 034 | 0.31| 0.28| 0.24| 0.22
3.175 1.00| 068| 053| 0.39| 031 | 0.28| 0.26 | 0.22 | 0.20

50.8 4,572 1.00| 0.62| 0.48| 035| 0.28| 0.26 | 0.24| 0.21| 0.18
6.35 1.00| 063| 050| 036 | 029 | 0.26 | 0.24 | 0.21| 0.18
7.874 100 061| 048| 035| 0.28| 0.25| 0.23| 0.20 | 0.18
9.525 1.00| 057| 0.43| 029 | 0.23| 0.21| 0.19| 0.17| 0.15
0.79375| 1.00| 0.71| 055| 040 | 0.32| 0.29| 0.27| 0.23| 0.20
15875 | 1.00| 0.76 | 059 | 043 | 0.34| 0.31| 0.29| 0.25| 0.22
3.175 100 071 055| 041 033| 030 | 0.27| 0.24| 0.21

63.5 4,572 1.00| 0.68| 053 0.39| 0.31| 0.28| 0.26 | 0.22| 0.20
6.35 1.00| 0.65| 051 0.37| 0.30| 0.27| 0.25| 0.21| 0.19
7.874 100 064 | 050| 0.36| 029 | 0.26 | 0.24| 0.21| 0.18
9.525 1.00| 0.62| 0.48| 035| 0.28| 0.25| 0.23| 0.20| 0.17
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Table 1.8: RF values at 82.7 MPa load for different crack length, crack stop hole

radius and SR

Crack Radius 82.7 MPa

Length (mm) SR

(mm) 0 0.08 | 0.16 | 0.32 | 0.48 | 0.56 | 0.64 | 0.8 | 0.96
0.79375| 1.00| 0.89| 0.78| 059 | 047 | 0.43| 040| 0.34| 0.30
15875 | 1.00| 092| 0.72| 053| 043| 0.39| 0.36| 0.31| 0.28
3.175 100| 0.84| 067 | 049 | 040 | 036 | 0.33| 0.29 | 0.25

25.4 4,572 100 080| 064 | 047 | 037 | 034 | 031| 0.27| 0.24
6.35 100| 0.78| 061 | 045| 0.36| 0.33| 0.30| 0.26 | 0.23
7.874 100 076 | 060 | 044 | 035| 032 | 029 | 0.25| 0.22
9.525 100 0.75| 059 | 043| 035| 031 | 029 | 0.25| 0.22
0.79375| 1.00| 084 | 0.74| 054 | 043 | 039| 0.36| 0.31| 0.28
15875 | 1.00| 094 | 0.74| 054 | 0.44| 040| 0.37| 0.32| 0.28
3.175 100| 0.88| 069 | 051 | 041 | 037 | 0.34| 0.30| 0.26

38.1 4,572 100 080| 062 | 045| 036 | 034 | 031| 0.27| 0.24
6.35 100| 0.79| 061 | 045| 0.36| 0.33| 0.30| 0.26 | 0.23
7.874 100 080| 0.63| 046 | 037 | 033| 031 0.26 | 0.23
9.525 100 0.79| 062 | 045| 035| 0.32| 0.29 | 0.25| 0.22
0.79375| 1.00| 0.79| 0.69| 050| 040 | 0.37| 0.34| 0.29 | 0.26
15875 | 1.00| 093| 0.75| 055| 0.44| 040| 0.37| 0.32| 0.28
3.175 100| 091| 0.72| 053 | 042 | 038 | 0.35| 0.30| 0.27

50.8 4,572 100 085| 066 | 048 | 039 | 036 | 0.33| 0.29 | 0.25
6.35 1.00| 0.87| 069 | 050| 040 | 0.36| 0.33| 0.29 | 0.25
7.874 1.00| 0.84| 066 | 048| 0.38| 0.35| 0.32| 0.28 | 0.24
9.525 100 080| 060 | 041 032| 0.29| 0.27| 0.23| 0.21
0.79375| 1.00| 055| 0.48| 035| 0.28| 0.25| 0.23| 0.20| 0.18
15875 | 1.00| 061| 050| 036| 0.29| 0.26| 0.24| 0.21| 0.18
3.175 100 069 | 054 | 040| 0.32| 0.29| 0.27| 0.23| 0.20

63.5 4,572 100 066 | 052 | 0.38| 030 | 0.27| 0.25| 0.22 | 0.19
6.35 100 064 | 050| 037| 029 | 0.27| 0.24| 0.21| 0.19
7.874 1.00| 0.67| 052 038| 0.30| 0.27 | 0.25| 0.22| 0.19
9.525 100 066 | 051 | 037| 029 | 0.27| 0.24| 0.21| 0.18
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Table 1.9: RF values at 103.4 MPa load for different crack length, crack stop hole
radius and SR

Crack . 103.4 MPa
Length FE;dr'nu)S SR
(mm) 0 0.08 | 0.16 | 0.32 | 0.48 | 0.56 | 0.64 | 0.8 | 0.96

0.79375| 1.00| 0.89| 0.85| 0.70 | 0.56 | 0.52 | 0.48 O..41 0.36

15875 | 1.00| 0.95| 0.90| 066 | 053 | 048] 045| 0.39| 0.34

3.175 1.00| 1.02| 084 | 0.62| 050| 0.45| 042 | 0.36 | 0.32

25.4 4.572 1.00| 1.01] 0.80| 059 | 0.47| 0.43| 0.39| 0.34| 0.30

6.35 1.00| 098] 0.78| 057 | 045| 0.41| 0.38| 0.33| 0.29

7.874 1.00| 096 | 0.76 | 0.56 | 0.44| 0.40| 0.37| 0.32| 0.28

9.525 1.00| 096| 0.76 | 0.55| 045| 0.40| 0.37| 0.31| 0.28

0.79375| 1.00| 0.80| 0.76 | 0.62 | 0.50| 0.45| 0.42| 0.36 | 0.32

15875 | 1.00| 0.93| 0.89| 066 | 053 | 0.48| 0.44| 0.38 | 0.34

3.175 1.00| 1.04]| 087 | 0.64| 052 | 0.47| 0.43| 0.37| 0.33

38.1 4.572 1.00| 1.02] 0.79| 0.57| 0.46| 0.43| 0.40| 0.35| 0.31

6.35 1.00| 1.02| 0.79| 057 | 046 | 0.42| 0.39| 0.34| 0.30

7.874 1.00| 1.04| 0.82| 0.60| 0.47| 0.43| 0.40| 0.34| 0.30

9.525 1.00| 1.03| 0.81| 059 | 0.46 | 0.42| 0.38| 0.33| 0.29

0.79375| 1.00| 0.72] 069 | 0.55| 044 | 0.40| 0.37| 0.32| 0.28

15875 | 1.00| 091| 0.89| 066 | 053 | 0.48| 0.44| 0.38| 0.34

3.175 1.00| 1.07| 090 | 0.66 | 0.53| 0.48 | 0.44| 0.38| 0.34

50.8 4.572 1.00| 1.07]| 0.84| 0.61| 049 | 0.45| 042 | 0.36| 0.32

6.35 1.00| 1.12]| 088 | 0.64| 051 | 0.47| 0.43| 0.37| 0.33

7.874 1.00| 1.11] 087 | 0.63| 050| 0.46| 0.42| 0.36 | 0.32

9.525 1.00| 1.06| 0.79| 0.55| 043 | 0.39| 0.36| 0.31| 0.27

0.79375| 1.00| 0.34]| 033| 026 | 0.21| 0.19| 0.18| 0.15| 0.13

15875 | 1.00| 044 | 042| 032| 0.25| 0.23| 0.21| 0.18 | 0.16

3.175 1.00| 055]| 048 | 0.35| 0.28| 0.26| 0.23| 0.20| 0.18

63.5 4.572 1.00| 0.66| 053] 0.39] 031 | 0.28| 0.26 | 0.22| 0.20

6.35 1.00| 0.71] 055| 041] 032 | 0.29| 0.27| 0.23| 0.20

7.874 1.00| 0.68| 053 | 0.38| 0.30| 0.28| 0.25| 0.22| 0.19

9.525 1.00| 0.71] 055| 040 ] 0.32| 0.29| 0.26 | 0.23| 0.20
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Table 1.10:

Variation of p0O to p8 with coefficients a, b, ¢, d and e

Coefficients Coefficients
a b c d e
pO -110.89 295.52 -287.52 123.38 -21.838
pl 865.95 -2280.41 | 2173.62 -894.09 139.119
p2 143.349 -379.829 366.42 -154.47 25.45
p3 -1797.94 | 4698.83 | -4425.16 | 1782.47 -265.94
p4 782.65 -2105.27 | 2063.69 -881.88 144.22
p5 -3004.58 | 7977.57 | -7701.86 | 3237.37 -524.64
p6 11390.37 | -29942.73 | 28459.53 | -11647.63 | 1793.74
p7 -5885.82 | 15336.06 | -14367.75 | 5729.39 -835.76
p8 898.28 -2241.40 | 1969.42 -706.97 84.74

34




CHAPTER 2

Numerical Studies on Halting Crack Growth using Crack-
stop Hole and Asymmetrically Bonded CFRP Patch

2.1 Introduction

Due to fatigue load cracks appear in structural members resulting in an increase in stress near the
crack tip. The effect of crack is measured in terms of stress intensity factor SIF (K) and they are
of three different types Ki, Ky and Kji. All the three SIF’s depend on the relation between the
directions of load applied, crack front and crack propagation. In the present study, only K
corresponding to mode-I is considered. If the cracked specimen is left unrepaired for a long time
it leads to sudden failure. To prevent such occurrence, various retrofitting technigques are
employed which can be broadly classified into two groups [1]: (a) Local retrofitting techniques
which include crack stop holes, peening, Gas Tungsten Arc (GTA) welding that modify the local
stress state and (b) Global retrofitting techniques that include strengthening with steel plate or
composite laminates. The objective of any retrofitting fitting method is to reduce the SIF at the
crack tip. Crack stop holes has been used as a repair technique for years in the field of aircrafts.
The expression for SIF (K,) value (Eqg. 1) for specimen as shown in Fig. 1a was first provided by
Irwin [2]. Creagor and Paris [3] proposed an expression of K, (Eg. 2) for a specimen with a crack

and crack stop hole as shown in Fig. 1b.

K = Ogpplied * VIIA €Y
0. * /T
K, = ymax2 TP 2

Later Boukharouba et al. [4] has given an expression of K, (Eq. 3) for a crack stop hole which is
a function of characteristic distance (X the distance up to which the stress remains constant) and

stress gradient (a).

a

K = 0y, (Xe) < V2T (X +5) 3)

To arrive at the optimum crack stop hole radius Barsom [5], has proposed a threshold value of K;
/p“as given in Eq. 4. Figure 2 shows the usage of the equation proposed by Barsom [5]. It shows
the variation of K, /p” with crack stop hole radius and intersection of this curve with threshold

value given by Barsom [5] leads to optimum crack stop hole radius to be drilled.
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K;

ﬁ =10,/ (4)
When the site conditions are such that the maximum size of the hole that can be drilled is less
than the optimum crack stop hole radius, the crack may then reinitiate after a few loading cycles.
Therefore, an undersized crack stop hole is only a temporary measure or a partial solution which
needs to be complemented. One way to reinforce the undersized crack stop hole is by means of
carbon fiber reinforced polymer (CFRP) patch which has a high strength to weight ratio. The
present study involves studying the effectiveness of combined action of crack stop hole and
asymmetrically bonded CFRP as repair technique. Asymmetrically bonded case is considered
because in practical situations it may be difficult to apply CFRP on both sides of the cracked
specimen due to in-accessibility to the other side. Typically, single sided patched specimens are
more critical than double sided patched specimens due to the eccentricity induced in case of single
sided patched specimen.
Lee and Lee [6] has carried out experimental and analytical study and proposed a successive
analysis approach to predict the skewed crack front in case of single sided repaired panel which
is important in predicting the exact fatigue life of a cracked specimen. The results indicate that
single sided repair technique is effective only in case of thin cracked specimen than thick
specimens.
A comparison between single sided and double sided repair technique was carried out by
Belhouari et al. [7], Albedah et al. [8]. The difference between the two studies is the shape of the
CFRP patch considered. The results are represented in the form of mass gain by the use of the
double sided repair over the single sided repair. The results show that the single sided repair is
effective only when crack length is less and the difference between double sided repair and single
sided repair becomes constant as the patch thickness is increased. The results hold only if bending
of plate is not considered due to asymmetric difference in stiffness in case of single sided repair.
Experimental study conducted by Schubbe and Mall [9] on asymmetrically repaired center
cracked aluminium plate with composite patch shows that fatigue life has increased by four times.
It is also observed that there is significant bending due to asymmetric stiffness resulting in non-
uniform crack growth across the thickness of repaired panel. Schubbe and Mall [10] has carried
out finite element analysis of a cracked thick metallic structure asymmetrically bonded with
composite patch using three layer technique and predicted the fatigue crack growth rate on
unpatched face to be in good agreement with the experimental result.
Arendt and Sun [11] developed a finite elemental model to study the behaviour of out of plane

deformation that occurs in single sided repaired panel. The outcome of the study show that there
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is increase in strain energy release rate due to increase in adhesive thickness or decrease in
adhesive shear modulus and this results in usage of adhesive with less thickness and higher shear
modulus. Itis also observed that, crack instability occurs due to asymmetric repair. Another study,
carried out by Achour et al. [12] on repair of crack at notches by numerical analysis show that,
there is decrease in SIF of about 80% due to the presence of patch and the properties like adhesive
shear modulus and its thickness should be optimized for effective repair. Bachir et al. [13] has
studied the effect of patch size, adhesive properties and crack length on SIF. From their study it
is clear that as the crack length increases, its effect on SIF is nominal. The range after which there
is no effect on SIF depends on the adhesive properties and patch dimensions.

A parameter called effective stress intensity factor (Kmog) in case of single sided patch repair
method has been developed by Duong and Wang [14]. Kmog is dependent on Kmin, Kmax, Kmean, Krms,
Ky (SIF due to bending) and it is validated with test results. Wang et al. [15] has proposed an
upper limit of root mean square of the SIF along the crack front and it showed good agreement
with the finite element results. Their results indicate that usage of thicker reinforcement is better
in reducing the out of plane bending. A comparison between different fatigue crack retardation
methods has been done by Domazet [16] and the results show that use of CFRP and cold worked
crack stop holes has been proved to be more effective in arresting the cracks. Song and Shieh [17]
has carried out work on crack stop holes. Their results show that by drilling a hole of size 3mm
the fatigue life has been increased to 443% and 174% in case of aluminium alloy and stainless
steel respectively. From the literature it is clear that there is a need to study the combined action

of crack stop hole and CFRP application as a repair technique.

2.2  Geometry and finite element model

The specimen geometry is taken from the experimental work of Barsom and Nicol [18] and
modified from double edge notch specimen to central crack specimen to model the effect of crack
stop hole. The dimensions of the specimen are given in Table 1 and its geometry is shown in the
Fig. 3.

The magnitudes of loads applied are 41.2 MPa (6 ksi), 62 MPa (9 ksi), 82.7 MPa (12 ksi), 103.4
MPa (15 ksi) which were reported as loads that the bridge girders are generally subjected to as
given in [19]. The connection between CFRP, steel plate and CFRP, adhesive, shown in Fig. 4
are modeled using bonded contact. In bonded contact, contacting surfaces are assumed to be glued
together throughout the analysis. To 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
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constraint (MPC) algorithm is used for bonded contact. CFRP laminate is modeled as an
orthotropic material. The CFRP material properties are taken from [20] and in the present study,
the eight different layers of CFRP (expressed in terms of stiffness ratio) are varied ranging from
0 to 10 layers. The thickness of the lamina reported in the reference is 0.375mm and CFRP patch
length () is taken as 127 mm based on the numerical study by Zhao [21]. The properties of
composite lamina and adhesive are given in the Table 2.

Incremental meshing as given in [22] is employed around the hole (Fig. 5) to capture the sharp
stress gradient because the value of stress at the edge of the hole is sensitive to element size. The
number of elements used around the hole is 6 elements in thickness direction, 20 elements in
radial direction and 48 elements in angular direction. Although the applied loads are less than the
yield stress of steel, localized yielding occurs at crack tip. Therefore, to take into account the
local yielding behavior, a nonlinear Finite Element Analysis (FEA) is carried out in this research
work using ANSYS 12.0 software. The material model used for Steel is Multi Linear Isotropic
hardening as shown in Fig. 6. For modeling all components (i.e. steel plate, adhesive, and CFRP
plate) Solid 186 element is used. Solid 186 element has mid side nodes and it performs better in

stress singularity regions and for nonlinear analysis.

2.3  Results and discussion

This numerical study is aimed at studying the combined action of crack stop hole and
asymmetrically bonded CFRP patch in arriving at appropriate crack stop hole radius when
subjected to static tensile load. In addition, the variation of peel stress at CFRP edge with SR and

load is also studied.

2.3.1 NSIF Calculation

From literature it is observed that the existing equations for crack stress intensity factor given by
Creagor and Paris [3] was unconservative due to the fact that it does not take into account the
characteristic distance (Xc) from the hole edge up to which the stress remains constant and the
linear decrease in stress at a gradient (o) thereafter. To overcome the above problem, the stress
intensity factor was calculated using NSIF (Eq. 5) proposed by Boukharouba et al. [4]), which
includes the effect of Xc and a. The output from FEA is used to determine Xc and o needed to

evaluate NSIF using Eq. 5.

38



Ki = 0y (K) + V2 (X +5) 5)

Where, ay,= Stress at characteristic distance Xc, p= Radius of the notch and o= Stress gradient.
Figure 7 shows typical variation in stress ahead of a crack stop hole in log-log plot for one
particular case (2 inch crack length, 82.7 MPa loading, 9.525 mm (3/8 inch) hole radius, without
CFRP).

Having established the importance of NSIF, the combined action of CFRP patches and crack stop
hole is studied numerically by carrying out nonlinear FEA. The parameter used for comparison
of results obtained from nonlinear analysis is K, /p* The results were expressed as a variation of
Ki /p” with stiffness ratio and crack stop hole radius.

In asymmetrically bonded CFRP specimen, eccentricity to load path is developed that leads to
bending of the specimen. The bending results in compression (patched side) on one side of the
specimen caused reduced SIF while the tension (unpatched) side of the specimen experiences
increase in SIF. Therefore, N-SIF is calculated on two surfaces (patched and unpatched sides) of
specimen to elucidate the difference in the SIF reduction due CFRP.

2.3.2 Effect of stiffness ratio (SR) and crack stop hole radius (p) on K, /p*
Stiffness ratio (SR) is defined as the ratio of axial stiffness of composite plate to axial stiffness of
steel plate (Eq.6). It is assumed that the axial load is transferred in the ratio of their stiffness.

_ terrrEcrrp

SR (6)

tSteelESteel

Figure 8 shows the variation of K, /p* with stiffness ratio calculated on patched side (includes
specimen without patch) for a crack length of 25.4 mm (1 inch) and for applied loads of 41.2
MPa, 62 MPa, 82.7 MPa and 103.4 MPa. In general, it can be observed that there is a decrease
in K /p*with increase in stiffhess ratio of up to 0.4 (5 layers) after which there is a slight increase
of K /p* with stiffness ratio. This is due to excessive bending towards CFRP patch causing
opening of the crack. In addition, it is obvious from Figs. 8a (41.2 MPa), 8b (62 MPa) and 8c
(82.7 MPa) that the effect of first two to three layers are significant as can be seen from the
steepness of the curves whereas with increase in number of layers (stiffness ratio), the percentage
reduction in K, /p* decreases as shown by the flattening of the curve. In Fig. 8d (103.4 MPa) it

can be observed that there is a kink in K, /p* curves corresponding to crack stop hole radii from
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3.175 to 7.874 mm for stiffness ratio less than 0.1. The kink in K, /p* curves for smaller crack
stop hole radii indicates that for higher applied stress of 103.4 MPa, lesser number of layers is not
sufficient to cause a reduction in K, /p*. Whereas when the stiffness ratio crosses beyond 0.1, the
stiffness of CFRP is sufficient enough to cause a reduction in K; /p* Such a situation does not
arise for a crack stop hole radius of 9.525 mm since a larger radius hole increases the size of the

blunt (cracks with lessened sharpness) thereby preventing an increase in K, /p”.

Figure 9 shows the variation of K, /p“ with stiffness ratio calculated on unpatched side (includes
specimen w/o patch) for a crack length of 1” and for applied loads of 41.2 MPa, 62 MPa, 82.7
MPa and 103.4 MPa. It is obvious from Fig. 9 that there is no effect of SR on K /p* since the
crack closure effect due CFRP is very little on the unpatched side. Whereas it can be observed
that there is a decrease in value of K, /p* due to increase in crack stop hole radii. The behavior for
other crack lengths (1.5”, 2”” and 2.5”) is observed to be same as that of 1” crack length.
Through thickness variation of K, /p* in steel plate for the case of 25.4 mm (1 inch) crack, 6.35
mm (0.25 inch) crack stop hole radii, 82.7 Mpa applied load and for different SR is shown in Fig.
10. The values of K, /p* shown in Fig. 10 are calculated at a distance of 0*T, 0.25*T, 0.5*T,
0.75*T, 1*T from unpatched side, where T is the thickness of steel plate. From Fig. 10 it is clear
that as the number of CFRP layers are increasing the value of K; /p* through thickness is
decreasing and there is no effect of CFRP on unpatched side. After a SR of 0.32 it can be observed
that the value of K, /p* on patched side is not decreasing indicating saturation and that the
additional CFRP layers are ineffective.

To account for through thickness variation of K, /p* (Fig. 10), the parameter, root mean square

value is calculated as given in Eq. 7.

. ™

o J(Kmm)z + Kunin * Kma) + Kinan)?
Equation 7 was proposed by Wang et al. [15], where Kims, Kmin and Kmax are respectively the root
mean square, minimum and maximum SIF values of a specimen. The calculated values of Kyns
for 25.4 mm (1 inch) crack length case is shown in Fig. 11. From the figure it can be observed
that the behavior of root mean square value of K; /p* with increase in SR is similar to K, /p* of
patched side (Fig. 8). It can also be observed that the root mean square value of K, /p” is

decreasing with increase of crack stop hole radii similar to Fig.8.

2.3.3 Reduction Factor (RF)
To account for the effect of CFRP patch in stress reduction, a reduction factor (RF) is introduced.
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(KI /p*)with CFRP
(KI /p*)w/o CFRP
The value of RF for patched side under different loads, crack length and crack stop hole radii is

Reduction factor =

(8)

given in tables 3 to 6. It can be observed that with increase in SR there is a decrease in K; /p*
value. In addition, it can also be observed that with increase in load, the reduction in the value K|
/p* decreases since the number of CFRP layers used is not sufficient for reducing the stress
intensity at the crack location. The percentage reduction in value of K, /p* for SR of 0.8 is around
65% to 20% for loads varying from 41.2 MPa to 103.4 Mpa. It should be noted that the RF values
on unpatched side are not presented, since the difference observed in the value of K, /p* on the
unpatched side is not significant compared to that of bare steel specimen.
The RF factor is function of stiffness ratio (SR), applied load (o4ppiieq), Crack stop hole radius
(p) and crack length (2a). This factor could be incorporated in Eq. 5 given by Boukharouba et al.
(1995) as shown below:
a
Ki = [0y (X0) * V27 (Xe +5) 1+ RF ©)
For 0 <SR <0.80
RF = a (SR> + b(SR*) + c(SR®) + d (SR®) + e (SR) + 1 (10)
Where, RF = Reduction Factor and SR = Stiffness Ratio
Eqg. 10 is formulated such that the RF becomes unity when the SR becomes zero. This means that
with no CFRP patches, Eq.9 merges with the original equation (Eq.5) provided by Boukharouba
etal. (1995). The variables a, b, c, d and e are the coefficients of Eq. 10, dependent on o4ppiiea
, 2aand p as given in Eqg. 11.
PO + pl*xx + p2xz + p3*xy + pd*z*xx + pS*x*xy + pob*xy*z + p7 *x *
yxz + p8xx2 + p9*xy? + pl0xz2 + pll = (x?)*xy + p12* (x2) *xz + p13 «
) xx + pld=(y?) xz + p15* (z?) *x + pl6* (%) *
y (11)
Note: In Eq.11 the variables X, y and z represent 2a, p and o4;,p15¢4 respectively. The coefficients
of Eqg. 11 vary with a, b, ¢, d and e as shown in Table 7. It should be noted that Eq.11 is empirical

and the units of load, radius and crack length are in MPa, mm and mm respectively.

2.3.4 Effect of SR and load on peel stress
Peel stress (c;) at the CFRP edge causes de-bonding of CFRP from the specimen, due to large
stiffness difference between adhesive and CFRP. In this research work, a study on peel stress for

different loads and CFRP thicknesses (SR) has been carried out. The variation of peel stress has
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been studied along the X-X and Y-Y lines as shown in Fig. 12. Figure 13 shows the variation of
peel stress at CFRP edge along the line x-x for 4 different loads and 8 different SR’s. From Fig.
13 it can be observed that as the number of CFRP layers increases, the magnitude of peel stress
also increases until a SR of 0.56 beyond which the specimen starts bending (concaving towards
CFRP side) resulting in a decrease in peel stress. Figure 14 shows the variation in peel stress for
4 different loads for SR of 0.08 (lowest) and 0.80 (highest). It is obvious from Fig. 14 that an
increase in load causes an increase in peel stress. In addition, the peel stress variation along the
line Y-Y is shown in Fig.15. From the plot it can be observed that there is a spike in peel stress
at the CFRP edge due to sudden change in stiffness and with increase in SR, the magnitude of
peel stress is increasing till SR of 0.56 and decreasing afterwards. It should be noted that the
variation in peel stress shown in Figs 13-15 were based on a crack length of 1 inch and 0.25 inch
crack stop hole radius.

2.4 Numerical example illustrating the usage of proposed equation
Two numerical examples are given illustrating the usage of the proposed equation and describing

the effect of crack stop hole radii and SR.

2.4.1 Example 1

Consider a load of 34.4 MPa (5 ksi) acting on a specimen with center crack of length 2. The
steel and CFRP properties and dimensions are the same as considered in this paper. The site
conditions are such that the maximum radius of hole that can be drilled is 4mm. Determine the
number of CFRP layers required to arrest the crack.

Solution: The solution to the problem is carried out in a step by step format as shown below: 1.
Calculate K; /p* of a bare steel specimen and plot the variation of the same with respect to various
crack stop hole radii (0.375” to 1/32”) as shown in Fig. 16.

2. Plot the threshold line given by Barsom (1985) (Eg. 4) in the same plot of K, /p* versus crack
stop hole radii to determine the threshold radius. The threshold radius in this case is 6mm which
is greater than the 4mm hole that can be drilled at site necessitating the need to reinforce the crack
with CFRP patch to prevent crack re-initiation.

3. Now, as a start assume that 1 layer of CFRP patch is required with a crack stop hole radii of 3
mm.

4. Input the parameters 2a (50.8 mm), p (3 mm) and & g p1ieq (34.4 MPa) in Eq.11 and determine
coefficients a through e by using corresponding p0 through p16 for each coefficient using Table
7.
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5. Using the coefficients a through e obtained from Step 4 and SR from Eq. 6, calculate RF using
Eq. 10. The RF value comes to around 0.391.

6. From Fig. 16, the value of K, /p” of a bare steel specimen with crack stop hole radius of 3 mm
is approximately 600 MPa. The corresponding value of specimen reinforced with 1 CFRP layer
will be 234.6 MPa (0.391*600).

7. The reduced K, /p* value (234.6 MPa) is now compared with 10\/0_),3 (477 MPa). This value

(477 MPa) is greater than reduced K /p” value (234.6 MPa) which indicates that 1 layer of CFRP
with 3 mm radius will not result in crack re-initiation. Since the site conditions in the problem
permit up to 4mm crack stop hole radius, the assumed 1 layer of CFRP reinforcement with 3 mm

crack stop hole radius (undersized) is valid.

A nonlinear FEA carried out for the above conditions (2a= 50.8 mm, p= 3mm, SR =0, 0.08, load
= 34.4mm) and calculated K, /p* for bare steel specimen and patched specimen with 1 layer are
respectively 591 MPa and 269 MPa, which indicate that the RF value is 1, 0.456 respectively. It
can be observed that the difference is -14.6% between proposed equation and FEA indicating the

accuracy of the proposed equation.

2.4.2 Example 2

Consider a load of 51.7 MPa (7.5 ksi) acting on a specimen with center crack of length (2a) 44.45
mm (1.75”). The steel and CFRP properties and dimensions are the same as considered in this
paper. The site conditions are such that the maximum radius of hole that can be drilled is 20mm.
Determine the number of CFRP layers required to arrest the crack.

Solution: The solution to the problem is carried out in a step by step format as shown below: 1.
Figure 17 is plotted based on steps 1 and 2 in Ex.1.

2. Unlike Ex.1, there is no intersection between the threshold line and the bare steel specimen
curve obtained from FEA indicating that a CFRP patch is mandatory (crack stop hole alone is not
enough) to reduce the SIF.

3. From the given conditions, as a start it is assumed that 1 layer of CFRP patch with a crack stop
hole radii of 9.525 mm is required to arrest a crack.

4. Input the parameters 2a (44.45 mm), p (9.525 mm) and o 4ppiieq (51.7 MPa) in Eq.11 and
determine coefficients a through e by using corresponding pO through p16 for each coefficient
using Table 7.

5. Using the coefficients a through e obtained from Step 4 and SR from Eq. 6, calculate RF using
Eq. 10. The RF value comes to around 0.5091.
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6. From Fig. 17, the value of K, /p* of a bare steel specimen with crack stop hole radius of 9.525
mm is approximately 577 MPa. The corresponding value of specimen reinforced with 1 CFRP
layer will be 293.75 MPa (0.5091*577).

7. The reduced K /p” value (293.75 MPa) is now compared with 10\/0_},5 (477 MPa). This value

(477 MPa) is greater than reduced K, /p* value (293.75 MPa) which indicates that 1 layer of CFRP
with 9.525 mm radius will not result in crack re-initiation. Since the site conditions in the problem
permit up to 10 mm crack stop hole radius, the assumed 1 layer of CFRP reinforcement with
9.525 mm crack stop hole radius is valid.

8. The steps from 3 to 7 are repeated for the case of 5 layers of CFRP. Five layers of CFRP is
used in this example to demonstrate that higher factor of safety can be achieved for the problem
under consideration. The corresponding RF value comes out to be 0.3858.

9. K /p* value corresponding to specimen reinforced with 5 CFRP layers will be 222.6 MPa
(0.3858*577).

A nonlinear FEA carried out for the above conditions (2a = 44.45 mm, p = 9.525 mm, SR = 0,
0.08, 0.4 and load = 51.7 MPa). The values calculated for K, /p* of bare steel specimen and
patched specimen with 1, 5 layers are 577.66 MPa, 296.2 MPa and 231.09 MPa, respectively.
The corresponding RF values are 1, 0.51 and 0.4 respectively. It can be observed that the
difference is 0.71% and 3.5% between proposed equation and FEA for a SR of 0.08 and 0.4

respectively, indicating the accuracy of the proposed equation.

2.5 CONCLUSIONS

This numerical study focuses on fracture mechanics approach to evaluate the effectiveness of the
combined action of crack stop hole and asymmetrically bonded CFRP patch. The studies indicate
that there is a significant reduction in K, /p* on patched side by using CFRP patch, the value of
which reaches a minimum and then exhibits asymptotic behavior with increase in SR. This means
that the effectiveness of a CFRP patch ceases to reduce the SIF when the additional thickness due
to loading eccentricity results in excessive bending of the specimen.

While the bending hinders the decrease in SIF due to additional CFRP layers, it aids in decreasing
the peel stress after reaching a certain stiffness ratio (prior to which the peel stress was increasing
due to SR) as a result of concaving (bending of specimen) on the patched side. In addition,
although it was also observed that the effect of increasing the size of crack stop hole lead to a
reduction in SIF on both patched and unpatched side, the effect due CFRP was insignificant on

the unpatched side behaving more or less similar to bare steel specimen.
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A parametric study was carried out for various crack stop hole radii, stiffness ratio and magnitude
of loads. A total of 640 nonlinear FEA (Tables 3-6) was carried out and the results of this study
were curve fit to arrive at a reduction factor at the patched side. This reduction factor in terms
of p, 23, SR and G 4ppiieq t0 include the effect of CFRP patch was used to modify the equation
proposed by Boukharouba et al. [4]. The applicability of the developed reduction factor
demonstrated using numerical examples indicate that there might be situations when it becomes
mandatory to use CFRP patch since drilling a hole to reduce the stress at the crack tip is not a

viable option (non-intersection between Eq. 4 and FE results for crack stop hole radius).
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Table 2.1: Specimen details

Width of the specimen (B) mm

152.4 (6”)

Height of the specimen (L) mm

2942 (11.5”)

Length of the crack(2a) mm

25.4(17),38.1(1.5”),

50.8(2”), 63.5(2.5”)

Thickness of the steel plate (T) mm

3.175

Radius of the hole(p) mm (in.)

9.525 (3/8)
7.874 (5/16)
6.35 (2/8)
4.572 (3/16)
3.175 (1/8)

Table 2.2: CFRP and Adhesive Material Properties

Material | Adhesive | CFRP
Ex (Gpa) 497 135
Ey (Gpa) - 9
E; (Gpa) - 9
Gxy (Gpa) - 5
Gzy (Gpa) - 8
Gzx (Gpa) - 5
Uxy 047 03
Vzy - 002
Vzx - 03
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Table 2.3. RF Values at 41.2 MPa Load for different Crack Length, Crack Stop Hole
Radius and SR

Crack Radius 41.2 MPa
Length (mm) SR

(mm) 0 0.08 | 0.16 | 0.32 | 0.48 | 0.56 | 0.64 | 0.8
3.175 1.00| 055| 047 | 043| 042 | 0.43| 043| 043
4,572 1.00| 060| 051| 046 | 046 | 0.46| 0.46| 0.46

25.4 6.35 100 0.62| 052| 047 | 0.46| 046 | 0.47| 0.47
7.874 1.00| 0.63| 053| 048| 047 | 0.48| 0.48| 0.49
9.525 100 048] 038| 0.32| 0.31| 0.32| 0.32| 0.33
3.175 1.00| 050 | 044 | 041| 042 | 0.42| 043| 043
4,572 100 049 | 043| 044 | 048] 049| 051 | 0.52

38.1 6.35 1.00| 053] 046 | 045| 0.48| 050| 051 | 0.52
7.874 1.00| 056 | 047 | 043 | 0.44| 044 | 044 | 0.44
9.525 1.00| 043| 035| 0.32| 0.33| 0.33| 0.33| 0.34
3.175 1.00| 045| 040| 0.39| 0.39| 0.40| 0.40| 0.40
4,572 1.00| 044 | 038| 039 | 042 | 043| 043 | 0.44

50.8 6.35 1.00| 048 | 042| 040| 041 | 041 | 042| 042
7.874 100 049 | 042| 040| 0.41| 042| 042 0.42
9.525 100 046 | 038| 0.38| 0.41| 0.43| 0.44| 0.45
3.175 1.00| 051 | 046 | 047 | 048 | 0.49| 049 | 0.48
4,572 1.00| 043| 039| 0.39| 0.40| 041| 041 041

63.5 6.35 100 041| 036| 0.36| 0.38| 0.38| 0.38| 0.38
7.874 1.00| 042| 037| 0.37| 0.38| 0.38| 0.38| 0.38
9.525 1.00| 034 | 030| 029| 031] 0.32| 0.32| 0.32
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Table 2.4. RF Values at 62 MPa Load for different Crack Length, Crack Stop Hole Radius
and SR

Crack Radius 62 MPa
Length (mm) SR
(mm) 0 0.08 | 0.16 | 0.32 | 0.48 | 0.56 | 0.64 | 0.8

3.175 1.00| 063 | 054 | 048| 048 | 0.49| 049| 0.49
4,572 100 0.62| 053] 048 | 0.47| 047 | 0.48| 0.48
25.4 6.35 100 0.62| 052| 047 | 0.46| 0.46| 0.47| 0.47
7.874 100 0.63| 053| 048 | 0.47| 0.48| 0.48| 0.49
9.525 100| 048 | 038| 032| 031| 0.32| 0.32| 0.33
3.175 100 0.68| 059| 056 | 057| 057| 058 | 0.58
4,572 100| 061| 053| 055| 059 | 0.61| 0.62| 0.64
38.1 6.35 100| 060| 052| 051| 055| 056 | 058| 0.59
7.874 100 0.60| 051| 047 | 047 | 048] 0.48| 0.48
9.525 100| 045| 037| 034| 034 | 0.35| 0.35| 0.35
3.175 100 0.67| 059| 058 | 059| 0.60| 0.60| 0.60
4,572 100| 064 | 056 | 058| 061| 0.62| 0.63| 0.63
50.8 6.35 100 0.63| 055| 053| 054| 055| 055| 0.55
7.874 100 0.62| 053] 051| 052| 053] 053 | 0.53
9.525 1.00| 057 | 047 | 046| 050| 052 | 053| 0.55
3.175 100 0.74| 068| 0.70| 0.73| 0.73| 0.74| 0.73
4,572 100| 065| 059| 060| 0.62| 0.63| 0.63| 0.63
63.5 6.35 100 0.63| 056| 056 | 058| 059| 059 | 0.59
7.874 100| 062| 055| 054| 056 | 057 | 057| 0.57
9.525 100 049 | 042| 042| 0.45| 046 | 046 | 0.47
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Table 2.5. RF Values at 82.7 MPa Load for different Crack Length, Crack Stop Hole
Radius and SR

Crack Radius 82.7 MPa
Length (mm) SR

(mm) 0 0.08 | 0.16 | 0.32 | 0.48 | 0.56 | 0.64 | 0.8
3.175 100 084 0.71| 0.64| 0.64| 065| 0.65| 0.66
4,572 100 0.83| 0.71| 064 | 0.63| 0.64| 0.64 | 0.64

25.4 6.35 1.00| 0.79| 0.67| 0.60| 059| 0.60| 0.60| 0.60
7.874 100 0.78| 065| 059 | 058| 059| 059 | 0.60
9.525 100| 056 | 044 | 037| 037| 0.38| 0.38| 0.39
3.175 100 091 0.77| 0.73| 0.75| 0.76 | 0.77 | 0.77
4,572 1.00| 0.83| 0.74| 0.77| 083 | 0.85| 0.86| 0.87

38.1 6.35 100 081 0.71| 0.71| 0.75| 0.77| 0.79| 0.80
7.874 100 0.82| 069| 0.64| 0.64| 0.64| 0.65| 0.65
9.525 100| 061| 050 045| 046 | 0.47| 047 | 0.48
3.175 100 091| 080| 0.72| 0.75| 0.76 | 0.77| 0.78
4,572 100| 088 | 0.75| 0.78| 0.83| 0.84| 0.85| 0.85

50.8 6.35 100 0.85| 0.74| 0.72| 0.74| 0.74| 0.75| 0.75
7.874 100 0.84| 0.73| 0.70| 0.72| 0.72| 0.73| 0.73
9.525 100| 0.80| 0.68| 0.67| 0.72| 0.74| 0.75| 0.77
3.175 100 077 0.70| 0.71| 0.72| 0.72| 0.72| 0.71
4,572 100| 066| 059| 060| 059| 0.60| 0.61| 0.61

63.5 6.35 100 0.64| 057| 055| 057| 058| 0.58| 0.58
7.874 1.00| 068 | 057 | 057| 059| 0.60| 0.60| 0.60
9.525 100 052| 045| 046 | 0.48| 0.49| 0.49| 0.50
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Table 2.6. RF Values at 103.4 MPa Load for different Crack Length, Crack Stop Hole
Radius and SR

Crack Radius 103.4 MPa
Length (mm) SR

(mm) 0 0.08 | 0.16 | 0.32 | 0.48 | 0.56 | 0.64 | 0.8
3.175 100 1.01| 092| 0.78| 0.78| 0.79| 0.80| 0.81
4,572 100 1.04| 090| 0.79| 0.79| 0.80| 0.80| 0.81

25.4 6.35 100| 1.03| 084 | 0.75| 0.75| 0.75| 0.76 | 0.76
7.874 100 1.01| 083| 0.74| 0.73| 0.74| 0.75| 0.76
9.525 100 0.72| 056 | 047 | 0.47| 048] 0.48 | 0.50
3.175 100 1.03| 1.02| 097 | 098 | 099 | 0.99 | 0.99
4,572 100 1.07| 106| 1.03| 1.06| 1.06| 1.06 | 1.18

38.1 6.35 100 1.06| 1.00| 0.98| 1.04| 1.06| 1.07| 1.07
7.874 100 1.05| 094| 082| 0.83| 0.83| 0.84| 0.84
9.525 100| 081| 0.66| 059| 060| 0.61| 0.62| 0.63
3.175 100 0.97| 097| 098 | 0.99| 1.00| 1.01| 1.02
4,572 100 099| 101| 1.04| 1.06| 1.07| 1.07| 1.06

50.8 6.35 100 101} 100| 100| 1.01| 21.01| 101 1.00
7.874 1.00| 1.02| 1.02| 097| 098 | 0.98| 0.98| 0.95
9.525 100 1.01| 099| 0.97| 1.00| 1.09| 1.08| 1.07
3.175 100 057| 057| 057 | 058| 0.58| 0.58| 0.58
4,572 100| 054 | 054 | 056| 058| 059 | 0.60| 0.61

63.5 6.35 100 057| 058| 0.60| 0.63| 0.64| 0.65| 0.66
7.874 100| 056 | 056 | 058| 061| 0.62| 0.63| 0.62
9.525 100 0.60| 056| 057 | 056| 056| 0.56| 0.55
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Table 2.7. Variation of p0 to p17 with Coefficientsa, b, c,d and e

Coefficients

Coefficients

a b c d e
p0 122.5048 | -274.9671 | 228.3312 | -84.3530 | 12.1584
pl -16.4458 | 36.8579 | -30.3436 | 11.1201 -1.6882
p2 -6.8661 15.0436 | -12.1666 4.4407 -0.7032
p3 64.2822 | -141.7998 | 114.2317 | -40.8409 6.2260
p4 0.4088 -0.8977 0.7210 -0.2571 0.0387
pS -0.6554 1.3921 -1.0893 0.3925 -0.0684
p6 -0.7378 1.6648 -1.3614 0.4828 -0.0674
p7 0.0038 -0.0089 0.0076 -0.0030 0.0005
p8 0.1413 -0.3220 0.2714 -0.1031 0.0167
p9 -3.4026 7.5153 -6.0635 2.1714 -0.3312
pl0 0.0436 -0.0956 0.0770 -0.0276 0.0041
pll -0.0056 0.0129 -0.0108 0.0039 -0.0005
pl12 -0.0021 0.0048 -0.0040 0.0015 -0.0003
pl3 0.0735 -0.1596 0.1263 -0.0444 0.0067
pl4 -0.0127 0.0256 -0.0188 0.0063 -0.0010
pl5 -0.0019 0.0041 -0.0032 0.0011 -0.0001
pl6 0.0050 -0.0109 0.0086 -0.0029 0.0004
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CHAPTER 3

Numerical Studies on Halting inclined Crack Growth using
Crack-stop Hole and CFRP Patch

3.1 Introduction

Due to fatigue load cracks appear in structural members leading to a rise in stress close to the
crack tip. If the cracked specimen is left unrepaired for a long time it leads to sudden failure. To
prevent such occurrence, various retrofitting techniques are employed which can be broadly
classified into two groups [1]: (a) Local retrofitting techniques which include crack stop holes,
peening, Gas Tungsten Arc (GTA) welding that modify the local stress state and (b) Global
retrofitting techniques that include strengthening with steel plate or composite laminates. The
effect of crack is measured in terms of stress intensity factor SIF (K) and those are of three
different types Ki, K, Kiii, depending on the relation between the directions of load applied, crack
front and crack propagation as shown in fig. 1 [2]. The objective of any retrofitting fitting method
is to reduce the SIF at the crack tip. In the present case, a study on effect of crack stop hole and
CFRP patch on halting crack growth when the crack is inclined with respect to loading direction
is carried out. When the crack is inclined with respect to loading direction as shown in Fig. 2 it
undergoes mixed mode of cracking involving mode | and mode 11 [3]. But due to presence of
crack stop hole mixed mode of cracking turns into mode 1 cracking and this can be understood
by observing the stress contours (Fig. 3) of cracked specimen having an inclined crack (0°, 15°,
60°) for an applied load of 103.4 MPa. From the Fig. 3 it is obvious that maximum values of
gy (normal stress) and o, (shear stress) are not occurring at same point and it can be observed
that the maximum value of g, is not changing with crack inclination.

Crack stop holes has been used as a repair technique for years in the field of aircrafts. The
expression for SIF (K,) value (Eq. 1) for specimen as shown in Fig. 4a was first provided by Irwin
[4]. Creagor and Paris [5] proposed an expression of K, (Eq. 2) for specimen with crack and crack

stop hole as shown in Fig. 4b.

K = Ogpplied * VITA €Y)
o * /TP
K = % ()
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The relationship between two terms, K| /\/ﬁ and maximum stress at the edge of the hole (oy max)
(Eg. 2) given by Creagor and Paris [5] using LEFM concepts is obtained by substituting r=p/2
and ©6=0in Eq. 4. The expressions (Eqgs.3, 4 & 5) represent the stress state at the edge of the notch
obtained by shifting the origin to a distance half of the radius (p/2) behind the crack front as shown
in Fig 5.

K; 0 .6 . 36 K, p 36
Oy = ancosi(l—51n531n7>—mzc057 3)
K; 0 .6 . 360 K, p 30
ay=mcosz(1—51n551n7)+mzcos7 4)
K; 6, 6 . 30 K, p . 36
Txy:WCOSE(Slnfﬂn?)_mZSln? (5)

Equation 2 has been derived based on LEFM approach, but if yielding of material is allowed
maximum stress a head of the crack stop hole remains constant for a distance of X which is

known as characteristic distance. Substituting 8 = 0and r = X, + § in Eq. 4 and rearranging the
terms as shown below, Eq. 6 is obtained.

K
gy = ! 1+ P

 n(x, + byr 20+

K; 2Xc+p+p

Oy = 1 D
@rXc+5)z 2Xc+3)

o = K 2(Xc +p)

y 1
(2n(xe +5)7 2K +5)
_ K (Xc +p)
Oy

=t
myz Kc +5)32
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1 (X + 5

K, =0, (2m)2 X+ p) (6)

Later Boukharouba et al. [6] has given expression of K, (Eq. 7) for a crack with crack stop hole
which is a function of characteristic distance (Xc) and stress gradient («) based on his experimental

study.
p a
Ky = 0y (Xe) V27 (X, + E) (7)

To arrive at the optimum crack stop hole radius Barsom [7], has proposed threshold value of K|
/p* as given in Eq. 8. Figure 6 shows the usage of the equation proposed by Barsom [7]. It shows
the variation of K, /p* with crack stop hole radius and intersection of this curve with threshold

value given by Barsom [7] leads to optimum crack stop hole radius to be drilled.

K;
—L =10,/a, (8)

N7

When the site conditions are such that the maximum size of the hole that can be drilled is less
than the optimum crack stop hole radius, the crack may then reinitiate after a few loading cycles.
Therefore, an undersized crack stop hole is only a temporary measure or a partial solution which
needs to be complemented. One way to reinforce the undersized crack stop hole is by means of
carbon fiber reinforced polymer (CFRP) patch which has a high strength to weight ratio. The
present study involves analysing the effectiveness of combined action of crack stop hole and
bonded CFRP as repair technique.

A comparison between single sided and double sided repair technique was carried out by
Belhouari et al. [8], Albedah et al. [9]. The difference between the two studies is the shape of the
CFRP patch considered. The results are represented in the form of the mass gain by the use of the
double sided repair over the single sided repair. The results show that the single sided repair is
effective only when crack length is less and the difference between double sided repair and single
sided repair becomes constant as the patch thickness is increased. The results hold only if bending
of plate is not considered due to asymmetric difference in stiffness in case of single sided repair.
A parameter called effective stress intensity factor (Kmog) in case of single sided patch repair
method has been developed by Duong and Wang [10]. Kmod is dependent on Kiin, Kmax, Kmean, Krms,
Ky (SIF due to bending) and it is validated with test results. Wang et al. [11] has proposed an
upper limit of root mean square of the SIF along the crack front and it showed good agreement
with the finite element results. Their results indicate that usage of thicker reinforcement is better

in reducing the out of plane bending. A comparison between different fatigue crack retardation
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methods has been done by Domazet [12] and the results show that use of CFRP and cold worked
crack stop holes has been proved to be more effective in arresting the cracks. Song and Shieh [13]
has carried out work on crack stop holes. The results show that by drilling a hole of size 3mm the
fatigue life has been increased to 443% and 174% in case of alluminium alloy and stainless steel
respectively. From literature it is clear that there is a need to study the combined action of crack

stop hole and CFRP application as a repair technique on inclined crack.

3.2 Geometry and FE modelling

The specimen geometry is taken from the experimental work of Barsom and Nicol [14] and
modified from double edge notch specimen to central crack specimen to model the effect of crack
stop hole. The dimensions of the specimen are given in Table 1 and its geometry is shown in the
Fig. 7.

The magnitudes of loads applied are 41.2 MPa (6 ksi), 62 MPa (9 ksi), 82.7 MPa (12 ksi), 103.4
MPa (15 ksi) which were reported as loads that the bridge girders are generally subjected to as
given in [15]. The connection between CFRP, steel plate and CFRP, adhesive, shown in Fig. 8a
are modeled using bonded contact. In bonded contact, contacting surfaces are assumed to be glued
together throughout the analysis. To 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. CFRP laminate is modeled as an
orthotropic material. The CFRP material properties are taken from [16] and in the present study
number of CFRP layers varied are 6 which range from 0 to 8 numbers. The thickness of the lamina
reported in the reference is 0.375mm and CFRP patch length (1) is taken as 127 mm based on the
numerical study by Zhao [17]. The properties of composite lamina and adhesive are given in the
Table 2.

Incremental meshing as given in [18] is employed around the hole (Fig. 8b) to capture the sharp
stress gradient because the value of stress at the edge of the hole is sensitive to element size.
Number of elements used around the hole are 6 elements in thickness direction, 20 elements in

radial direction and 48 elements in angular direction.

Although the applied loads are less than the yield stress of steel, localized yielding occurs at crack
tip. Therefore, to take into account the local yielding behaviour, a nonlinear Finite Element

Analysis (FEA) is carried out in this research work using ANSYS 12.0 software. The material
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model used for Steel is Multi Linear Isotropic hardening as shown in Fig. 9. For modeling all
components (i.e. steel plate, adhesive, and CFRP plate) Solid 186 element is used. Solid 186
element has mid side nodes and it performs better in stress singularity regions and for nonlinear

analysis.

3.3 Results and discussion

This numerical study is aimed at studying the combined action of crack stop hole and the CFRP
patch in arriving at the appropriate crack stop hole radius, number of CFRP layers when subjected
to static tensile load. In addition to NSIF, the variation of peel stress at CFRP edge is also studied.
First Section of results deal with the double sided repaired panel and next half deals with single
sided repaired panels.

3.3.1 NSIF Calculation

In LEFM frame work, the stress gradient is expressed as a function of 1 /+/r singularity which
indicates that when the radius approaches zero, it behaves like a sharp crack. However, the LEFM
assumption is not valid if loading, crack geometry and the specimen thickness leads to yielding
at notch tip. So, nonlinear FEA is carried out and NSIF is calculated on obtained results. The
output from FEA is used to determine X. and « needed to evaluate K, /p* using Eq. 9, which is a
modified expression given by Boukharouba et al. [6].

a

= 0y () 27 (54 5) ©)

K;

p®
where, ay,= Stress at characteristic distance Xc, p= Radius of the notch and a= Stress gradient.
Figure 10 shows a typical variation in stress ahead of a crack stop hole in a log-log plot for one
particular case [45 degrees, 2 inch crack length, 82.7 MPa loading, 9.525 mm (3/8 inch) hole
radius, without CFRP]. And the results are expressed in terms of K, /p* Prior studies on CFRP—
steel application indicate that CFRP patches are effective in arresting the cracks initiating from
the notches. The results were expressed as a variation of K, /o with stiffness ratio and crack stop

hole radius.
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3.3.2 Effect of stiffness ratio (SR) and crack stop hole radii (p) on K, /* in case of

symmetrically repaired panel

Stiffness ratio (SR) is defined as the ratio of axial stiffness of composite plate to axial stiffness of

steel plate (Eq.10). It is assumed that the axial load is transferred in the ratio of their stiffness.

SR = lcrrpEcrrp (10)

tsteelEsteel

Figure 11-13 shows the variation of K, /p* with stiffness ratio (includes specimen w/o patch) for
different crack inclination, crack length of 25.4 mm (1 inch) and for applied load of 41.2 MPa,
62 MPa, 82.7 MPa and 103.4 MPa. In general, it can be observed that there is a decrease in K|
/p“ with an increase in stiffness ratio. The effect of the first two to three layers are significant as
can be seen from the steepness of the curves whereas with increase in the number of layers
(stiffness ratio), the percentage reduction in K, /p“ decreases as shown by the flattening of the

curve.

3.3.3  Effect of SR and load on peel stress in case of symmetrically repaired panel

Peel stress (o,,) at the CFRP edge causes debonding of CFRP from the specimen, due to the large
stiffness difference between adhesive and CFRP. In this paper a study on peel stress for different
loads and CFRP thicknesses (SR) has been carried out. The variation of peel stress has been
studied along the X-X and Y-Y lines as shown in Fig. 14. Figure 15 shows the variation of peel
stress on CFRP edge along the line x-x for 4 different loads and 5 different SR’s of 45° inclined
crack. From Fig. 15 it can be observed that as the number of CFRP layers increases, the
magnitude of peel stress also increases. Similar observation can be made for Fig. 16 where the
peel stress is plotted for 4 different loads with lower (SR = 0.08) and higher (SR = 0.64) SR. In
addition, the peel stress variation along the line Y-Y is shown in Fig.17. From the plot it can be
observed that there is a spike in peel stress at the CFRP edge due to sudden change in stiffness
and with an increase in SR, the magnitude of peel stress also increases. It should be noted that
the variation in peel stress shown in Figs 15-17 were based on a crack length of 25.4 mm (1 inch)
and 9.525 mm (0.375 inch) crack stop hole radius.

3.3.4 Effect of Stiffness Ratio (SR) and Crack Stop Hole Radius (p) on K, /p* in case of
asymmetrically repaired panel
This numerical study is aimed at studying the combined action of crack stop hole and

asymmetrically bonded CFRP patch in arriving at appropriate crack stop hole radius when
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subjected to static tensile load. In addition, variation of peel stress at CFRP edge with SR and

load is also studied.

In asymmetrically bonded CFRP specimen, eccentricity to load path is developed that leads to
bending of the specimen. The bending results in compression (patched side) on one side of the
specimen causing reduced SIF while the tension (unpatched) side of the specimen experiences
increase in SIF. Therefore, N-SIF is calculated on two surfaces (patched and unpatched sides) of
specimen to elucidate the difference in the SIF reduction due CFRP.

Figure 18 to 20 shows the variation of K, /p* with stiffness ratio calculated on patched side
(includes specimen without patch) for different crack inclination, crack length of 50.8 mm (2
inch) and for applied loads of 41.2 MPa, 62 MPa, 82.7 MPa and 103.4 MPa. In general, it can be
observed that there is a decrease in K, /o with increase in stiffness ratio. In addition, it is obvious
from Figs. 18 to 20 that there is a decrease in K, /p“ with increase in crack stop hole radii. From a
to d in Figs. 18 to 20 we can observe that the gap between different curves is increasing as we go
from 41.2 MPa to 103.4 MPa load. This is because at 41.2 MPa load lesser number of CFRP
layers are enough to considerably decrease the value of K, /p* than in the case of 103.4 MPa.

Figure 21 to 23 shows the variation of K; /p* with stiffness ratio calculated on unpatched side
(includes specimen w/o patch) for a crack length of 2 inch, different crack inclinations and for
applied loads of 41.2 MPa, 62 MPa, 82.7 MPa and 103.4 MPa. It is obvious from Fig. 21 to 23
that there is very minimal effect of SR on K /p* since the crack closure effect due CFRP is very
little on the unpatched side. Whereas it can be observed that there is a decrease in value of K, /p”
due to increase in crack stop hole radii.

Through thickness variation of K, /p” in steel plate for the case of 50.8 mm (2 inch) crack,
9.525 mm (0.375 inch) crack stop hole radii, 62 Mpa applied load and for different SR, crack
inclinations is shown in Fig. 24. The values of K, /p* shown in Fig. 24 are calculated at a distance
of 0*T, 0.25*T, 0.5*T, 0.75*T, 1*T from unpatched side, where T is the thickness of steel plate.
From Fig. 24 it is clear that as the number of CFRP layers are increasing the value of K; /p*
through thickness is decreasing and there is no effect of CFRP on unpatched side. As it can be
seen from the Fig. 24 that the value of K, /p” is varying across the thickness. To account for
through thickness variation of K, /p* value, root mean square value of K, /p” is calculated as given
in Eq. 11.
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(1D

K rms

) J Kumin)? + (Kinin * Kinas) + (K’
3

Equation 7 is proposed by Wang et al. [15], where Kims, Kmin and Kmax are respectively the root

mean square, minimum and maximum SIF values of a specimen. The calculated values of Kins

for 50.8 mm (2 inch) crack length case for different crack inclination is shown in Fig. 25-27. From

the figs. it can observed that the behavior of rms value of K; /p* is similar to that of K, /p* of

patched side (Fig. 18-20). It can also be observed that the rms value of K, /p“ is decreasing with

increase of crack stop hole radii and SR.

3.3.5 Effect of SR and load on peel stress in case of asymmetrically repaired panel

Peel stress (o) at the CFRP edge causes debonding of CFRP from the specimen, due to large
stiffness difference between adhesive and CFRP. In this paper a study on peel stress for different
loads and CFRP thicknesses (SR) has been carried out. The variation of peel stress has been
studied along the X-X and Y-Y lines as shown in Fig. 28. Figure 29 shows the variation of peel
stress at CFRP edge along the line x-x for 4 different loads and 5 different SR’s for 45° inclined
crack. From Fig. 29 it can be observed that as the number of CFRP layers increases, the
magnitude of peel stress also increases untill SR of 0.48 beyond which the specimen starts
bending (concaving towards CFRP side) resulting in a decreasing of peel stress. Figure 30 shows
the variation in peel stress for 4 different loads, for SR of 0.08 (lower) and 0.64 (higher). It is
obvious from the fig. 30 that an increase in load causes an increase in peel stress. In addition, the
peel stress variation along the line Y-Y is shown in Fig.31. From the plot it can be observed that
there is a spike in peel stress at the CFRP edge due to sudden change in stiffness and with increase
in SR, the magnitude of peel stress is increasing till SR of 0.56 and decreasing afterwards. It
should be noted that the variation in peel stress shown in Figs 29-31 were based on a crack length
of 2 inch and 0.375 inch crack stop hole radius.

3.3.6 Comparison of K, /p* and peel stress for different crack inclinations

Variation of NSIF and Peel stress with crack inclination is studied to understand the effect of
crack inclination on application of CFRP. Fig. 32 shows the variation of K; /p” with SR for
different crack inclination at different loads and for 2 inch (50.8 mm) crack with 0.375 inch (9.525
mm) crack stop hole radii. From the fig. it is can be observed that there is no much variation w.r.t
crack inclination this is because the condition of plate with crack has turned in to plate with hole

criteria. The variation that is observed in Fig. 32 is quite opposite to the study conducted by Ramji
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et al. [16], where it is observed that there is drastic change in value of with crack inclination. This

is simply due to the presence of crack stop hole ahead of crack.

Figure 33 shows the variation of peel stress for different crack inclinations, SR of 0.4. From the
fig. it can be observed that with increase in crack inclination the peel stress value is increasing in
the initial half width portion of specimen and gradually decreasing in the next half portion, this is
because of the axial strains increasing in the initial half portion as the crack is moving away from
CFRP edge. And vice versa in next half portion of specimen width.

3.3.7 Reduction Factor (RF)
To account for the effect of CFRP patch in stress reduction, a reduction factor (RF) is introduced.
(KI /p®)with CFRP
(KI /p*)w/o CFRP

RF for symmetrically repaired panel case under different conditions is given in table 3a through

Reduction factor =

(12)

3d. In case of asymmetrical repaired panel RF is calculated on patched side and its values are
given in table 4a through 4d. It can be observed that with increase in SR there is a decrease in K|
/p“value. In addition, it can also be observed that with increase in load, the reduction in the value
Ki /p” decreases since the number of CFRP layers used is not sufficient for crack closure. In case
of symmetrically repaired panel the percentage reduction in value of K /p* for SR of 0.64 is
around 80% to 70% for loads varying from 41.2 MPa to 103.4 Mpa and that in the case of
asymmetrically repaired is around 58% to 35% respectively. It should be noted that the RF values
on unpatched side in case of asymmetrically repaired panel are not presented, since the difference
observed in the value of K, /p* on the unpatched side is not significant compared to that of bare
steel specimen.

This factor is function of stiffness ratio (SR), applied load (o4ppiiea), Crack stop hole radius (p)
and crack inclination (8). This factor could be incorporated in Eq. 9 given by Boukharouba et al.

(1995) as shown below:

K X, 1\*
P 0yy (Xe) * \/2_7T<?C + E) * RF (13)
For 0 <SR <0.96
RF = a(SR>) + b (SRY) + c (SR®)+ d (SR> )+ e (SR) + 1 (14)

Where, RF = Reduction Factor and SR = Stiffness Ratio
Eq. 14 is formulated such that the RF becomes unity when the SR becomes zero. This means that

with no CFRP patches, Eq.13 merges with the original equation (Eq.9) provided by Boukharouba
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etal. (1995). The variables a, b, c, d and e are the coefficients of Eq. 14, dependent on o4 piiea
, 8 and p as given in Eq. 15.

PO + pl*xx + p2xz + p3*xy + pd*xz*xx + pS*xx*xy + poxy*z 4+ p7 *x*

y*xz + p8xx% + p9*xy? + pl0xz2 + pll = (x?)*xy + p12* (x2) *z + p13 «

() *x + pld*(y?) xz + p15* (z2) *x + pl6* (22) *

y (15)
Note: In Eq.15 the variables X, y and z represent 8, p and ggy,;q respectively. The coefficients
of Eq. 15 vary with symmetrically and asymmetrically repaired case and also with a, b, ¢, d and
e as shown in Table 5 and Table 6. It should be noted that Eq.15 is empirical and the units of
load and radius are in MPa and mm respectively. Two numerical examples are given illustrating
the usage of the proposed equation and describing the effect of crack stop hole radii and SR for

the case of symmetrically and asymmetrically repaired panel.

3.4 Numerical example illustrating the usage of proposed equation
Two numerical examples are given illustrating the usage of the proposed equation and describing
the effect of crack stop hole radii and SR.

341 Examplel

Consider a load of 62 MPa (9 ksi) acting on a specimen with center crack of length 2” and its
inclination is 30°. The steel and CFRP properties and dimensions are the same as considered in
this paper. The site conditions are such that the maximum radius of hole that can be drilled is 10
mm. Determine the number of CFRP layers required to arrest the crack when the site conditions
allow to go with symmetric repair of the panel.

Solution: The solution to the problem is carried out in a step by step format as shown below: 1.
Calculate K, /p* of a bare steel specimen and plot the variation of the same with respect to various
crack stop hole radii (0.375” to 0.125”) as shown in Fig. 34.

2. Plot the threshold line given by Barsom (1985) (Eg. 8) in the same plot of K, /p* versus crack
stop hole radii to determine the threshold radius. From fig. 34 it can be observed that, crack stop
hole alone is not enough to arrest the crack as it is getting flattened approximately after a hole
radii of 9.525 mm (3/8 inch). Necessitating the need to reinforce the crack with CFRP patch to
prevent crack re-initiation

3. For given conditions, as a start assume that 3 layer of CFRP patch is required with a crack stop
hole radii of 7.874 mm (0.31 inch).
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4. Input the parameters 6 (30), p (7.874) and 6 4ppiiea (62 MPa) in Eq.15 and determine
coefficients a through e by using corresponding p0 through p16 for each coefficient using Table
5 (symmetrically repaired panel).

5. Using the coefficients a through e obtained from Step 4 and SR (0.24) from Eq. 10, calculate
RF using Eg. 14. The RF value comes to around 0.409.

6. From Fig. 34, the value of K, /p* of a bare steel specimen with crack stop hole radius of 7.874
mm is approximately 612 MPa. The corresponding value of specimen reinforced with 3 CFRP
layer will be 250 MPa (0.409*612).

7. The reduced K /p* value (250 MPa) is now compared with 10\/0_),3 (477 MPa). This value

(477 MPa) is greater than reduced K; /p* value (250 MPa) which indicates that 3 layer of CFRP
with 7.874 mm radius will not result in crack re-initiation. Since the site conditions in the problem
permit up to 10 mm crack stop hole radius, the assumed 3 layer of CFRP reinforcement with

7.874 mm crack stop hole radius (undersized) is valid.

A nonlinear FEA carried out for the above conditions (6= 30°, p= 7.874 mm, SR = 0, 0.24, load
= 62 MPa) and calculated K, /p* for bare steel specimen and patched specimen with 3 layer are
respectively 612 MPa and 240 MPa, which indicate that the RF value is 1, 0.3926 respectively.
It can be observed that the difference is -4% between proposed equation and FEA indicating the

accuracy of the proposed equation.

3.42 Example?2

Consider a load of 41.2 MPa (6 ksi) acting on a specimen with center crack of length 2” and its
inclination is 30°. The steel and CFRP properties and dimensions are the same as considered in
this paper. The site conditions are such that the maximum radius of hole that can be drilled is 8
mm. Determine the number of CFRP layers required to arrest the crack when the site conditions
allow to apply patch only on one side.

Solution: The solution to the problem is carried out in a step by step format as shown below: 1.
Calculate K; /p* of a bare steel specimen and plot the variation of the same with respect to various
crack stop hole radii (0.375” to 0.125”) as shown in Fig. 35.

2. Plot the threshold line given by Barsom (1985) (Eqg. 8) in the same plot of K, /p* versus crack
stop hole radii to determine the threshold radius. The threshold radius in this case is 8.5 mm
which is greater than the 8 mm hole that can be drilled at site, necessitating the need to reinforce

the crack with CFRP patch to prevent crack re-initiation.
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3. Now, as a start assume that 2 layer of CFRP patch is required with a crack stop hole radii of
6.35 mm (0.25 inch).

4. Input the parameters 6 (30), p (6.35) and o4ppiiea (62 MPa) in Eq.15 and determine
coefficients a through e by using corresponding p0 through p16 for each coefficient using Table
6 (asymmetrically repaired panel).

5. Using the coefficients a through e obtained from Step 4 and SR (0.16) from Eq. 10, calculate
RF using Eg. 14. The RF value comes to around 0.4551.

6. From Fig. 35, the value of K, /p“ of a bare steel specimen with crack stop hole radius of 7.874
mm is approximately 520 MPa. The corresponding value of specimen reinforced with 3 CFRP
layer will be 236 MPa (0.4551*520).

7. The reduced K, /p* value (236 MPa) is now compared with 10\/0_),3 (477 MPa). This value

(477 MPa) is greater than reduced K, /p” value (236 MPa) which indicates that 2 layer of CFRP
with 6.35 mm radius will not result in crack re-initiation. Since the site conditions in the problem
permit up to 10 mm crack stop hole radius, the assumed 2 layer of CFRP reinforcement with 6.35

mm crack stop hole radius (undersized) is valid.

A nonlinear FEA carried out for the above conditions (6= 30°, p= 6.35 mm, SR =0, 0.16, load =
62 MPa) and calculated K, /p* for bare steel specimen and patched specimen with 2 layer are
respectively 516 MPa and 245 MPa, which indicate that the RF value is 1, 0.474 respectively. It
can be observed that the difference is 4% between proposed equation and FEA indicating the

accuracy of the proposed equation.

3.5  Conclusions
A numerical analysis has been carried out to study the combined action of crack stop hole and
CFRP patch in arresting the inclined cracks. The obtained results allow us to deduce the following
conclusions:
e Application of CFRP on cracked specimen resulted in considerable decrease in the value
of K, /p*.
o The K, /p” reaches minimum value and then exhibits asymptotic behaviour with increase
in SR on the patched side.
o Symmetrically bonded specimen showed better results than asymmetrically bonded

specimen.
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e It can be observed that in case of asymmetrically bonded specimen, there is no effect on

the unpatched side.

e K, /p” value decreases with increase in crack stop hole radius.

o There is no influence of inclination of crack, because the condition of plate with crack is

changed to plate with hole.
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Figure 3.1: Three basic modes of crack surface displacements (a) Mode-I, (b) Mode-I1, (c) Mode-I11
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Figure 3.2: Type of crack propagation modes possible when crack is inclined
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Figure 3.8b: Circular meshing around the crack stop hole
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Figure 3.22: K, /p*versus SR on unpatched side for 45° inclined crack, 2 inch Crack Length at different loads (a) 41.2
MPa, (b) 62 MPa, (c) 82.7 MPa and (d) 103.4 MPa
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Figure 3.23: K, /p* versus SR on unpatched side for 60° inclined crack, 2 inch Crack Length at different loads (a) 41.2
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Figure 3.24: Through thickness variation of K, /p® of the specimen for different SR having a crack of 50.8 mm (2
inch), 9.525 mm (0.375 inch) crack stop hole radii and for an applied load of 62 MPa load having different crack
inclination (a) 15°, (b) 45°, (c) 60°
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Figure 3.25: (K, /p®)rms versus SR for 15%inclined crack having 2 inch crack length at different loads (a) 41.2 MPa, (b)
62 MPa, (c) 82.7 MPa and (d) 103.4 MPa
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Figure 3.26: (K, /p®)rms versus SR for 45%inclined crack having 2 inch crack length at different loads (a) 41.2 MPa, (b)

41.2 MPa
N
g 9.525
........... 7.874
------ 6.35
-==-4572
-.=. 3175
0 0.2 0.4 0.6 0.8
SR
(@)
82.7 MPa
N.
9.525
........... 7.874
------ 6.35
-—=-4572
-.=. 3175
0 0.2 0.4 0.6 0.8
SR
(©)

1000
900
800
700
600
500

K, /p® (MPa)

400
300
200

1000
900
800
700
600
500

K, /p® (MPa)

400
300
200

62 MPa

0 0.2 0.4 0.6

SR

(b)

\ 103.4 MPa

0 0.2 0.4 0.6

SR

(d)

62 MPa, (c) 82.7 MPa and (d) 103.4 MPa

108




1000 1000
41.2 MPa 62 MPa
800 800
= ) N
o o :
2 =3
= 600 | 9.525 o 600 9.525
E_- N e 7.874 E_' ........... 7.874
X N4
200 betie. e 6.35 400 | XeEEEIzsa- LTIt eeeeee 6.35
-——-4572 - ——.4572
--=- 3175 --=- 3175
200 200
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
SR SR
(@) (b)
1000 1000
82.7 MPa 103.4 MPa
800 800
= )
[a o
= p=
:’ 600 9.525 ;’ 600 9.525
g_- ........... 7.874 E_- ........... 7.874
x .. N4
400 6.35 40 | mmmee 6.35
- ==-4572 - —-=--4572
--=- 3175 - =. 3175
200 200
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
SR SR
(c) (d)

Figure 3.27: (K, /p®)ms versus SR for 60°inclined crack having 2 inch crack length at different loads (a) 41.2 MPa, (b)
62 MPa, (c) 82.7 MPa and (d) 103.4 MPa
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Figure 3.29: Variation of peel stress in X-X direction for 45° inclined crack, 2 crack length at different loads (a) 41.2

MPa, (b) 62 MPa, (c) 82.7 MPa and (d) 103.4 MPa
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Figure 3.31: Variation of peel stress along Y-Y direction for 45° inclined crack, 2 crack length at different loads (a)
41.2 MPa, (b) 62 MPa, (c) 82.7 MPa and (d) 103.4 MPa
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Figure 3.33: comparison of K, /p®* for different inclination of crack having 2 inch crack length, 0.375 inch crack stop
hole radii of double sided repaired panel for different applied loads (a) 41.2 MPa, (b) 62 MPa, (¢) 82.7 MPa and (d)
103.4 MPa
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Figure 3.34: K, /p* versus crack stop hole radius of bare steel specimen having a crack of 2 inch length and 30°
inclination for 62 MPa load
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Figure 3.35: K, /p* versus crack stop hole radius of bare steel specimen having a crack of 2 inch length and 30°
inclination for 41.2 MPa load
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Table 3.1: Specimen details

Width of the specimen (B) mm

152.4 (6”)

Height of the specimen (L) mm

2942 (11.5”)

Length of the crack(2a) mm

25.4(17),38.1(1.5”),

50.8(2”), 63.5(2.5”)

Thickness of the steel plate (T) mm

3.175

Radius of the hole(p) mm (in.)

9.525 (3/8)
7.874 (5/16)
6.35 (2/8)
4.572 (3/16)
3.175 (1/8)

Table 3.2: CFRP and Adhesive Material Properties

Material | Adhesive | CFRP
Ex (Gpa) 4.97 135
Ey (Gpa) - 9
E; (Gpa) - 9
ny (Gpa) - 5
Gy (Gpa) - 8
Gux (Gpa) - 5
Uxy 0.47 0.3
Vzy - 0.02
Vzx - 03
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Table 3.3a. RF Values at 41.2 MPa Load for different Crack Inclination, Crack Stop Hole
Radius and SR (Symmetrically bonded CFRP Patch)

Crack 41'.2 MPa
Inclination SR Radius (mm)
9.525 7.874 6.35 4572 3.175
0 1.00 1.00 1.00 1.00 1.00
0.08 0.47 0.48 0.48 0.43 0.45
00 0.16 0.35 0.38 0.38 0.34 0.35
0.32 0.24 0.28 0.28 0.25 0.26
0.48 0.19 0.22 0.22 0.20 0.21
0.64 0.16 0.18 0.18 0.17 0.17
0 1.00 1.00 1.00 1.00 1.00
0.08 0.49 0.49 0.47 0.46 0.45
150 0.16 0.39 0.38 0.37 0.36 0.35
0.32 0.28 0.28 0.27 0.27 0.26
0.48 0.22 0.22 0.22 0.21 0.21
0.64 0.19 0.19 0.18 0.18 0.18
0 1.00 1.00 1.00 1.00 1.00
0.08 0.55 0.54 0.53 0.51 0.48
450 0.16 0.43 0.43 0.42 0.40 0.38
0.32 0.32 0.31 0.31 0.29 0.28
0.48 0.25 0.25 0.25 0.24 0.22
0.64 0.21 0.21 0.21 0.20 0.19
0 1.00 1.00 1.00 1.00 1.00
0.08 0.59 0.60 0.59 0.56 0.54
60 0.16 0.47 0.47 0.47 0.45 0.43
0.32 0.34 0.35 0.35 0.33 0.31
0.48 0.28 0.28 0.28 0.26 0.25
0.64 0.23 0.24 0.23 0.22 0.21
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Table 3.3b. RF Values at 62 MPa Load for different Crack Inclination, Crack Stop Hole
Radius and SR (Symmetrically bonded CFRP Patch)

Crack 6? MPa
Inclination SR Radius (mm)
9525 | 7.874 | 6.35 | 4572 | 3.175
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.56 059 | 0.61 | 0.60 0.67
00 0.16 0.42 047 | 0.48 | 0.46 0.52
0.32 0.29 034 | 035 | 0.34 0.38
0.48 0.22 0.27 | 0.28 | 0.27 0.31
0.64 0.19 0.23 | 0.23 | 0.23 0.26
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.59 061 | 0.62 | 0.64 0.68
150 0.16 0.46 048 | 048 | 0.51 0.53
0.32 0.34 0.35 | 0.35 | 0.38 0.39
0.48 0.27 0.28 | 0.28 | 0.30 0.32
0.64 0.22 023 | 0.24 | 0.25 0.27
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.58 059 | 0.61 | 0.63 0.66
450 0.16 0.46 047 | 0.48 | 0.50 0.52
0.32 0.33 0.34 | 035 | 0.37 0.38
0.48 0.27 0.28 | 0.28 | 0.29 0.31
0.64 0.22 0.23 | 0.24 | 0.25 0.26
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.59 0.60 | 0.60 | 0.62 0.65
60° 0.16 0.47 047 | 048 | 0.49 0.51
0.32 0.34 0.35 | 0.35 | 0.36 0.38
0.48 0.28 0.28 | 0.28 | 0.29 0.30
0.64 0.23 024 | 0.24 | 0.24 0.26
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Table 3.3c. RF Values at 82.7 MPa Load for different Crack Inclination, Crack Stop Hole
Radius and SR (Symmetrically bonded CFRP Patch)

Crack 82'.7 MPa
Inclination SR Radius (mm)
9525 | 7.874 | 6.35 | 4572 | 3.175
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.64 066 | 0.67 | 0.61 0.72
00 0.16 0.48 052 | 052 | 0.48 0.57
0.32 0.33 0.38 | 0.38 | 0.35 0.41
0.48 0.26 0.30 | 0.31 | 0.28 0.33
0.64 0.22 025 | 0.26 | 0.24 0.28
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.66 0.67 | 0.65 | 0.66 0.72
150 0.16 0.52 052 | 051 | 0.52 0.56
0.32 0.37 0.38 | 0.37 | 0.38 0.41
0.48 0.30 0.30 | 0.30 | 0.31 0.33
0.64 0.25 025 | 0.25 | 0.26 0.28
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.67 069 | 0.70 | 0.69 0.76
450 0.16 0.53 054 | 055 | 0.55 0.60
0.32 0.39 040 | 041 | 0.40 0.44
0.48 0.31 0.32 | 0.33 | 0.32 0.36
0.64 0.26 0.27 | 0.27 | 0.27 0.30
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.73 0.75 | 0.78 | 0.80 0.87
60° 0.16 0.57 0.60 | 0.62 | 0.63 0.68
0.32 0.42 044 | 0.46 | 0.47 0.50
0.48 0.34 0.35 | 0.37 | 0.38 0.41
0.64 0.29 0.30 | 0.31 | 0.32 0.34
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Table 3.3d. RF Values at 103.4 MPa Load for different Crack Inclination, Crack Stop
Hole Radius and SR (Symmetrically bonded CFRP Patch)

Crack 103_.4 MPa
Inclination SR Radius (mm)
9525 | 7.874 | 6.35 | 4572 | 3.175
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.63 0.71 | 0.75 | 0.69 0.68
00 0.16 0.47 056 | 059 | 0.54 0.57
0.32 0.32 041 | 043 | 0.39 0.42
0.48 0.25 032 | 0.34 | 0.32 0.34
0.64 0.21 0.27 | 0.29 | 0.27 0.28
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.73 071 | 068 | 0.71 0.72
150 0.16 0.57 055 | 053 | 0.57 0.61
0.32 0.41 041 | 0.39 | 042 0.45
0.48 0.33 032 | 031 | 0.34 0.36
0.64 0.27 0.27 | 0.26 | 0.28 0.30
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.73 0.72 | 0.75 | 0.75 0.80
450 0.16 0.58 057 | 059 | 0.59 0.67
0.32 0.42 042 | 044 | 0.44 0.49
0.48 0.34 034 | 035 | 0.35 0.39
0.64 0.28 0.28 | 0.29 | 0.30 0.33
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.78 0.82 | 0.84 | 0.86 0.91
60° 0.16 0.61 0.65 | 0.66 | 0.68 0.76
0.32 0.45 0.48 | 0.49 | 0.50 0.56
0.48 0.36 0.38 | 0.39 | 0.40 0.45
0.64 0.31 032 | 033 | 0.34 0.38
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Table 3.4a. RF Values at 41.2 MPa Load for different Crack Inclination, Crack Stop Hole
Radius and SR (Asymmetrically bonded CFRP Patch)

Crack 41'.2 MPa
Inclination SR Radius (mm)

9.525 | 7.874 | 6.35 | 4572 | 3.175
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.47 049 | 050 | 0.43 0.45
00 0.16 0.39 043 | 043 | 0.37 0.40
0.32 0.38 041 | 042 | 0.38 0.38
0.48 0.41 042 | 042 | 041 0.39
0.64 0.44 042 | 044 | 0.42 0.40
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.50 050 | 049 | 0.46 0.45
150 0.16 0.43 043 | 042 | 0.40 0.40
0.32 0.40 041 | 040 | 0.39 0.39
0.48 0.41 041 | 041 | 040 0.40
0.64 0.42 042 | 042 | 0.42 0.42

0 1 1 1 1 1
0.08 0.57 0.57 | 0.57 | 0.55 0.53
450 0.16 0.48 048 | 048 | 0.47 0.45
0.32 0.42 043 | 042 | 0.42 0.40
0.48 0.40 042 | 041 | 040 0.38
0.64 0.40 042 | 041 | 0.40 0.38
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.65 0.66 | 0.65 | 0.63 0.61
60 0.16 0.55 055 | 055 | 0.52 0.51
0.32 0.47 046 | 046 | 044 0.43
0.48 0.45 043 | 043 | 041 0.40
0.64 0.45 041 | 041 | 0.39 0.38
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Table 3.4b. RF Values at 62 MPa Load for different Crack Inclination, Crack Stop Hole
Radius and SR (Asymmetrically bonded CFRP Patch)

Crack 6? MPa
Inclination SR Radius (mm)
9.525 | 7.874 | 6.35 | 4572 | 3.175
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.56 0.61 | 0.63 | 0.59 0.65
00 0.16 0.46 052 | 055 | 0.52 0.58
0.32 0.45 050 | 0.53 | 0.53 0.56
0.48 0.50 051 | 054 | 0.56 0.58
0.64 0.53 052 | 054 | 0.58 0.59
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.60 0.62 | 0.64 | 0.65 0.68
150 0.16 0.51 054 | 055 | 0.57 0.60
0.32 0.49 051 | 052 | 0.55 0.58
0.48 0.50 051 | 053 | 0.56 0.60
0.64 0.51 052 | 0.54 | 0.60 0.64
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.61 0.63 | 0.65 | 0.69 0.73
450 0.16 0.51 0.53 | 0.55 | 0.58 0.62
0.32 0.44 047 | 049 | 052 0.55
0.48 0.43 046 | 047 | 0.50 0.53
0.64 0.43 046 | 047 | 0.50 0.53
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.65 0.66 | 0.66 | 0.68 0.73
60 0.16 0.55 055 | 0.56 | 0.57 0.61
0.32 0.47 046 | 047 | 0.48 0.51
0.48 0.45 043 | 043 | 044 0.47
0.64 0.45 041 | 042 | 0.43 0.46
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Table 3.4c. RF Values at 82.7 MPa Load for different Crack Inclination, Crack Stop Hole
Radius and SR (Asymmetrically bonded CFRP Patch)

Crack 82'.7 MPa
Inclination SR Radius (mm)
9.525 | 7.874 | 6.35 | 4572 | 3.175
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.65 0.67 | 0.68 | 0.64 0.73
00 0.16 0.56 0.58 | 0.60 | 0.54 0.64
0.32 0.56 056 | 0.58 | 0.57 0.58
0.48 0.60 0.57 | 0.59 | 0.60 0.61
0.64 0.62 0.58 | 0.60 | 0.62 0.62
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.67 0.68 | 0.66 | 0.69 0.75
150 0.16 0.57 059 | 0.57 | 0.57 0.65
0.32 0.54 055 | 055 | 0.55 0.60
0.48 0.56 056 | 0.56 | 0.57 0.62
0.64 0.57 057 | 057 | 0.61 0.67
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.70 0.73 | 0.74 | 0.75 0.85
450 0.16 0.59 0.62 | 0.63 | 0.64 0.71
0.32 0.51 055 | 0.56 | 0.57 0.63
0.48 0.50 054 | 054 | 0.55 0.61
0.64 0.50 054 | 054 | 0.54 0.61
0 1.00 1.00 | 1.00 | 1.00 1.00
0.08 0.80 0.83 | 0.86 | 0.89 0.98
60 0.16 0.67 0.70 | 0.73 | 0.75 0.81
0.32 0.58 058 | 0.61 | 0.62 0.68
0.48 0.55 054 | 056 | 0.58 0.63
0.64 0.55 052 | 054 | 0.56 0.62
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Table 3.4d. RF Values at 103.4 MPa Load for different Crack Inclination, Crack Stop
Hole Radius and SR (Asymmetrically bonded CFRP Patch)

Crack 103_.4 MPa
Inclination SR Radius (mm)
9.525 | 7.874 | 6.35 | 4572 | 3.175
0 1.00 1.00 1.00 1.00 1.00
0.08 0.63 0.68 0.71 0.64 0.63
00 0.16 0.62 0.68 0.71 0.66 0.63
0.32 0.61 0.65 0.70 0.68 0.66
0.48 0.63 0.65 0.70 0.70 0.65
0.64 0.68 0.65 0.70 0.70 0.66
0 1.00 1.00 1.00 1.00 1.00
0.08 0.71 0.67 0.66 0.65 0.67
150 0.16 0.68 0.67 0.65 0.65 0.67
0.32 0.64 0.63 0.62 0.66 0.71
0.48 0.63 0.63 0.62 0.67 0.69
0.64 0.63 0.60 0.62 0.70 0.73
0 1.00 1.00 1.00 1.00 1.00
0.08 0.77 0.74 0.76 0.74 0.79
450 0.16 0.64 0.64 0.70 0.71 0.79
0.32 0.56 0.57 0.60 0.61 0.71
0.48 0.54 0.56 0.58 0.59 0.69
0.64 0.54 0.56 0.58 0.59 0.67
0 1.00 1.00 1.00 1.00 1.00
0.08 0.87 0.89 0.87 0.87 0.90
60° 0.16 0.72 0.76 0.78 0.81 0.91
0.32 0.62 0.63 0.65 0.67 0.75
0.48 0.59 0.59 0.60 0.62 0.70
0.64 0.59 0.57 0.58 0.60 0.68
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Table 3.5. Variation of p0 to p17 with Coefficients a, b, c,d and e
(Symmetrically bonded CFRP Patch)

Coefficients

Coefficients

a b c d e
pO -1284.480 | 2149.181 | -1300.527 | 345.8833 | -38.4163
pl 4.9025 -8.1691 4.8942 -1.2647 0.1263
p2 33.7372 | -55.8325 | 33.1349 -8.4659 0.8376
p3 452432 | -79.1179 | 51.1830 | -15.0689 1.9018
p4 -0.1855 0.3097 -0.1863 0.0487 -0.0050
p5 0.3271 -0.5544 0.3420 -0.0933 0.0102
p6 -2.2648 3.7904 -2.2907 0.6038 -0.0632
p7 -0.0069 0.0114 -0.0068 0.0018 -0.0002
p8 0.0038 -0.0063 0.0040 -0.0013 0.0002
p9 3.4367 -5.2493 2.6790 -0.4793 0.0053
pl0 -0.2254 0.3700 -0.2165 0.0540 -0.0051
pll -0.0020 0.0034 -0.0022 0.0006 -0.0001
p12 0.0006 -0.0011 0.0007 -0.0002 0.0000
pl3 0.0119 -0.0195 0.0116 -0.0031 0.0004
pla -0.0490 0.0737 -0.0365 0.0061 0.0000
p15 0.0014 -0.0024 0.0014 -0.0004 0.0000
pl6 0.0209 -0.0341 0.0198 -0.0048 0.0004
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Table 3.6. Variation of p0 to p17 with Coefficients a, b, c,d and e
(Asymmetrically bonded CFRP Patch)

Coefficients

Coefficients

a b c d e
pO -2411.076 | 3967.636 | -2330.847 | 584.6299 | -57.0876
pl 16.7257 | -26.9940 | 15.3726 -3.6388 0.3172
p2 63.7723 | -104.5456 | 60.8558 | -14.8863 1.3404
p3 204.6701 | -332.5459 | 192.3257 | -47.4175 45377
p4 -0.3469 0.5708 -0.3327 0.0809 -0.0071
p5 -1.3029 2.0268 -1.0878 0.2338 -0.0182
p6 -5.6529 9.2182 -5.3436 1.3082 -0.1198
p7 0.0142 -0.0215 0.0109 -0.0020 0.0001
p8 -0.0319 0.0459 -0.0223 0.0041 -0.0004
p9 -2.3953 3.7637 -2.1599 0.5881 -0.0813
pl0 -0.4130 0.6784 -0.3953 0.0964 -0.0085
pll 0.0040 -0.0056 0.0026 -0.0004 0.0000
p12 0.0007 -0.0012 0.0007 -0.0002 0.0000
pl3 0.0092 -0.0185 0.0137 -0.0049 0.0009
pla 0.0481 -0.0745 0.0412 -0.0101 0.0011
p15 0.0017 -0.0029 0.0017 -0.0004 0.0000
pl6 0.0332 -0.0547 0.0321 -0.0079 0.0007
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CHAPTER 4

Further Study

In this study plate with centre crack repaired with crack stop hole, CFRP under tensile loading

condition is considered. This study further can be extended to the following conditions.

1.
2.
3.

Mixed loading conditions such as tensile plus torsional loading.

Experimental study is needed to validate the results obtained from finite element study.
In this study effect of weld attachments on repair technique is not considered. Further
study is needed to find the effect of weld attachments on repair methods.

Effect of crack stop hole and CFRP on cracks eminating from notches under cyclic
loading needs to be studied.

Effect of prestressed CFRP patches.

Studying real life structural elements.
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