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On blunting the crack tip through hole-drilling
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This paper investigates the crack tip blunting through hole-drilling in cracked steel
structures as a common practice for preventing further crack propagation due to fatigue
loading or any other driving force. Fundamentals of crack blunting at the micro- and
macroscopic scales have been addressed. On the micro level, it has been shown that the
main idea of crack blunting is to allow for dislocation emission altering the material behavior
to ductile fashion instead of the sharp crack tip cleavage which leads to brittle behavior. The
issue of blunting the crack tip using a 15 mm diameter hole as per the Egyptian code has
been evaluated analytically, experimentally, and numerically. Three different hole diameters
of 5, 10, and 15 mm have been examined. Numerical elastic analyses showed that the
diameter of the hole has a limited effect on the maximum stresses at the end of the hole and
larger diameter might have a harmful effect. Numerical elastic-plastic simulations showed
that plastic deformation has been achieved for all diameters considered in the analyses.
Results of these simulations are in good agreement with the experiments regarding the load
carrying capacity and plastic deformation. Aspects considered in this paper showed that a 5
mm diameter hole would suffice for blunting the crack tip for most practical cases.
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1. Introduction

The presence of a crack in a steel struc-
ture or component accelerates the rate of the
degradation of its load carrying capacity. The
high stress and strain fields at the crack tip(s),
as described by the fracture mechanics
theories [1], increase the tendency of the crack
to propagate especially under fatigue loading.
The presence of the crack(s) in itself does not
indicate failure; however, subsequent crack
propagation might lead to failure. A common
practice to ease the stresses near the crack tip
and to prevent further crack advances is
through drilling a hole at its tip(s). The
process is known as blunting the crack tip.
For instance, in case of crack existence in old
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structures, the Egyptian Code of Practice for
Steel Structures [2] calls for drilling a 15 mm
hole at the crack tip(s). The size of the hole as
recommended by the code is rather large
particularly for small cracks. The main theme
of this paper is to asses the appropriateness of
the hole-diameter size. This has been
evaluated based on understanding the
importance of crack Dblunting at the
microscopic scale, and proposing a hypothesis
followed by theoretical, experimental and
numerical investigations.

2. Background

In continuum mechanics theories, the
crack tip is assumed to be atomically sharp.
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Crack tip blunting is one of the basic
mechanisms for stopping subsequent crack
propagation on different scales either acciden-
tally or intentionally. On the microstructural
level of crystalline materials, it has been
shown that the bluntness of the crack tip
determines the favorability of the crack propa-
gation through cleavage or dislocation
emission [3]. These two scenarios of crack
advance can be depicted from fig. 1. If the
energy required for the cleavage mechanism

¢ is less than that needed for dislocation

emission ¢d, the material behaves in a brittle
fashion and vice versa. This has been
demonstrated before by several researchers as
the basic microstructural mechanisms
associated with brittle versus ductile behavior
(e.g., Rice and Thomson [4]). Schiotz et al. [5]
have shown computationally that if the crack
is blunted several atoms at the
microstructure, it would be possible for the
crack to emit a dislocation (ductile behavior)
rather than cleavage. Fisher and Beltz [6] have
demonstrated, based on microstructure finite
element modeling of the blunt crack tip, that
the stress field is significantly different for
blunted crack tip if compared with perfectly
sharp tip.

For nonmetallic materials, for instance
fiber reinforced composites; the well known
Cook-Gordon mechanism explained the phe-
nomenon of crack blunting as one of the
toughening mechanisms. In this case, the
crack tip is blunted if it approaches a fiber
through the fiber-matrix debonding. Also, the
microcracking zone ahead of the crack tip in
concrete and rock materials provides a type of
shielding zone resulting in special type of
blunting causing these materials to behave in
a quasi-brittle fashion [7].

For metallic materials, Lai [8], on his paper
for repairing thin aluminum pre-cracked
panels, has shown experimentally that
blunting the cracktip using 2 mm holes

a) ¢$7/
SlipPlane
\’/

b) gc < ?d //

Crack Cleavage Plane >____,

Fig. 1. Competition between a) dislocation versus b)
cleavage mechanisms.

retarded the crack growth and a 50 percent
increase in fatigue life of the repaired panels
was achieved. Also, for those pre-cracked
panels without blunting holes, no crack
retardation was evident. On the other hand,
Newman et al. [9] achieved a ductile behavior
of blunted pre-cracked thin-sheet aluminum
specimens experimentally using a 6.35 mm
holes at the crack tips.

3. Plan of attack

Based on this introductory background, it
is shown that crack blunting is associated
mainly with the material behavior (ductile
versus brittle). In materials with crystalline
structure (such as steel), if the sharp crack tip
is blunted several atoms, the behavior may
change from brittle to ductile. If a sharp crack
is to be blunted intentionally, very small hole
can be drilled at its tip and the size of this
hole is not that significant from the
microstructural point of view. However, many
other factors may play a role in this regard.

The first factor is the practical limitations
on the size of the hole. With thin sheets, a 2
mm diameter hole might be appropriate as
stated before [8], however, for steel plates,
larger diameters are required. Questioning
skilled labors regarding the minimum
practical drilling hole-diameter has revealed
that a 5 mm would be a lower limit, especially
for relatively thick plates. The other practical
limitation is related to the crack detection
technique. For most practical purposes, the
die-penetration technique is wused, and
experience has shown that crack tips are
usually very sharp and quite difficult to
allocate. Thus, using a very small diameter
hole (e.g. 1 or 2 mm) might be impractical to
be drilled exactly ahead of the crack tip.

The second factor is related to the plastic
zone size in front of the crack tip resulted from
the high stress and strain fields. The drilled
holes should be large enough to include most
of the plastic zone, thus, leaving the other
parts of the material ahead of the crack tip
elastic. This issue will be discussed theoreti-
cally in a following section.
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The third factor is investigating if the size
of the hole has a significant effect on the
stress distribution ahead of the hole, and
whether dislocation will emit irrespective of
the hole size. This issue will be investigated
both experimentally and numerically.

4. Specimens' configuration

Five basic configurations have been con-
sidered in this study; namely, SF1, SF1-A, S1,
S2, and S3 and all specimens were
600x100x10 mm. Fig. 2 shows the specimens
SF1, where a crack of 1.0 mm width has been
saw-cut at the end of the specimen with 30
mm length. This type of crack does not have a
sharp crack tip, rather, it was prepared in this
manner to evaluate the hypothesis stated
before by Schiotz et al. [5]. For the other three
specimens, the same crack had been
introduced but with a hole of diameter 5, 10,
and 15 mm, for S1, S2, and S3, respectively.
All the holes were drilled such that the hole
boundary intersect with the crack tip. Two of
each of these specimens had been tested
under monotonic remote tensile stress till
failure. On the other hand, the specimen SF1-
A, was an analysis specimen with an edge
crack length of 30 mm and with perfectly
sharp crack tip.

5. Material properties
Experimental testing on tension specimens

of the same material as that of the previously
mentioned specimens had revealed a yield
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Fig. 2. Configuration for SF1 and S1 to S3.

stress oys of 288, 292, and 303 MPa with an
average value of 294 MPa. The material
ultimate strength ou were 412, 394, and 422
MPa, with an average value of 409 MPa. The
percent elongation eu of the three specimens
was 26, 21, and 22 % with an average value of
23%. These material properties will be used
throughout this study.

6. Plastic zone size

The plastic zone size ahead of the crack tip
is of crucial importance in this study as it is
hypothesized that the hole should be drilled to
remove most of this zone. This will leave the
rest of the material in elastic state and
eliminate any predefined slip planes of dislo-
cation. It can be shown, based on fracture me-
chanics theories, [1] and by considering the
von Mises yielding criteria that the size of the
plastic zone 1, (the outer bound of the plastic
zone) can be expressed for plane strain ( pl—¢)

and plane stress ( pl — o) conditions as:

For pl-e¢,
2
1| K; . 2 2
rp_—(—J [1.5sin" @+ (1-2v)*(1+cosb)].
4r | Oys
(1-a)
For pl-o,

2

K

rp=i[ Ij [1+1.5sin® 6+cos6].  (1-b)
47| Oys

Where r, 6 are polar coordinates as shown in
fig. 3 and Kris the stress intensity factor for
the problem in hand, which takes the general
form of:

K;=Qc"ra . 2)

Where Q is a geometrical function for each
configuration and is tabulated elsewhere (e.g.
Tada et al. [10]), o~ is the remote applied
stress, and a is the crack length. By
combining the two equations and rearrange, 1p
can be expressed as:
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Fig. 3. Plastic zone size.

For pl—-¢,

2
(i)%[G—J [1.5sir2 0+ (1-2v)>(1+ cosb)] .

aQ’ Oys
(3-a)
For pl-o,
- - 2
p |19 | 1141.5sin26+cos0).
aQZ 4 O-ys
(3-b)

Fig. 3 shows the size of the plastic zone for
(0”/0y8)=0.5 where rpis normalized by aQ?. As

known, the plastic zone size for the
pl—-o condition is larger than the

pl — € condition. For the case of pl-o, i.e.

the plastic zone is maximum, (rp/aQ?) is about
0.167 at an angle of 71°. For small cracks in
relatively large structures, which is valid for
most of the cases, it can be shown that the
geometric function Q approaches 1.0.
Furthermore, in regularly inspected struc-
tures, cracks are detected, even with naked
eye, with a length ranging from 10 to 20 mm.
These simplified assumptions lead to a plastic
zone size in the order of 1.7 to 3.3 mm, hence,
a 5 mm hole-diameter would suffice to
remove most of the plastically deformed
parts ahead of the crack tip. If the
configuration and remote stress are well

defined, i.e. a, 0°, Q are known, a better
estimate for plastic zone size can be obtained.
It should be mentioned that the previous

= Plane-stress

""" Plane-strain %
0.2 120

0.15

30

)
S

240 300
270

Sy

210

350 Alexandria Engineering Journal, Vol. 42, No. 3, May 2003



A. R. Mohamed / Blunting crack tip

formulae are approximate; however, they
provide a realistic evaluation of the plastic
zone size.

7. Experimental study

The three specimens S1, S2, and S3 as
described before were subjected to monotonic
uniform remote stress at their ends till the
ultimate load. A universal testing machine
1000 KN capacity was used as shown in fig. 4.
Two specimens of each configuration were
tested and the ultimate remote stress, the
corresponding Crack Mouth Opening
Displacement (CMOD), and the Hole Root
Displacement (HRD) at the ultimate load for
the three specimens are given in table 1. Due
to the very high plastic deformation at the
ultimate load, both CMOD and HRD are
measured using a vernier of 0.01 mm
sensitivity. The definitions of both CMOD and
HDR are shown in fig. 5-a. By comparing the
two specimens of each category, very close
results were obtained for the ultimate load,
and relatively larger differences were recorded

for the deformations. The three specimens
Table 1
Results of the experimental work

have shown considerable plastic deformation
ahead of the hole as shown in fig. 5-b, ¢, and
d. Thus, the diameter of the hole, in the range
considered in this paper, had a limited effect
on the dislocation emission. However, larger
diameters had lower load carrying capacity
due to the reduction in the ligament length.

With respect to the specimen SF1, where
the crack tip was not sharp, but was blunted
1.0 mm through saw-cutting, it behaved in a
brittle fashion. A crack started from one of the
blunted tip corners and propagated as shown
in fig. 5-e. This type of failure may be
attributed to some imperfection in the blunted
tip as it was prepared through saw-cutting.
This observation is vital as it has two folds.
The first is that it is difficult to justify the
hypothesis of several-atoms blunting as
proposed by Schiotz et al. [5] as imperfection
might dominate the behavior. The other fold is
that it is better to have a rounded blunting as
this eliminates the possibility of imperfection,
and the size of the blunting hole should be
relatively large (in the order of 5 mm).

Another crucial observation can be
depicted from fig. 5-f. This S3 specimen was

Specimen Ultimate stress MPa Corresponding CMOD mm Corresponding HRD mm
samplel sample2 average samplel sample2 average samplel sample2 average
S1 219 211 215 19.35 17.85 18.60 14.10 12.20 13.15
S2 234 232 233 18.10 16.45 17.28 13.35 12.70 13.03
S3 248 244 246 15.35 14.10 14.73 11.20 10.70 10.95

E
-

Fig. 4. Test set-up.

loaded beyond the ultimate load, and this
loading resulted in the formation of a new
crack started at the end of the hole. Thus, it

Alexandria Engineering Journal, Vol. 42, No. 3, May 2003

should be clear that blunting the crack tip is
not a method of repair for cracked steel
structures. Rather, it is a practice to prevent
further crack propagation until repairing or
replacing the cracked part. This also shows
that as the stress concentration at the end of
the blunting hole is relatively high, as will be
shown later in analysis section, it represents a
high potential for further crack formation.

8. Numerical analysis

Both linear elastic and elastic-plastic
analyses were conducted for the
configurations in fig. 2. A specialized

nonlinear finite element package was used
throughout (FRANC2D/L) [11]. The four
specimens SF1-A, S1, S2, and S3 have been
modeled through the Finite Element Method
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(FEM). Eight and six-noded elements with
quadratic shape functions were implemented
where the eight-noded elements are used for
most of the regions, and the six-noded
triangular element for the transition in
between. Details of element formulation are
available elsewhere [12]. A very fine mesh has

d) S3 at ultimate load e) SF1 with crack initiation  f) S3 loaded beyond
ultimate load

Fig. 5. Deformation and cracking for tested specimens.

been utilized around the area of interest (the
hole or the crack tip) and a relatively courser
mesh far from the hole. Example for the FEM
mesh for S1 is shown as meshl (2579 nodes
and 852 elements) in fig. 6. Due to the very
high stress and strain gradients around the
crack tip or the hole, it is critical to check
whether the FEM mesh is fine enough to
capture these gradients. Thus, a much finer
mesh, designated as mesh2 (6017 nodes and
2000 elements) in fig. 6 was constructed. The
material properties for the linear elastic

material were an elastic modulus (E) of 200
GPa, and Poisson's ratio (v) of 0.3.
Comparison between the vertical elastic stress
(oyy) distributions along the ligament length
(Lo) due to remote working stress of 147 MPa
for the two meshes is shown in fig. 7. The two
responses are identical and the difference
between the maximum stresses (i.e. at x/Lo=0)
for the two meshes is only 0.4%. Thus, it was
decided to use meshl throughout, especially
for elastic-plastic analysis which is computa-
tionally intensive.

T
i

1

Meshl Mesh?2 (Finer)

Fig. 6. FEM meshes for mesh fineness check.

2500 1
[ | =®—Mesh2 (fine)

2000

1500 |

1000 F

G yy MPa

500 |

0 0.2 0.4 0.6 0.8 1
Normalized Distance x/Lo

Fig. 7. Effect of FEM mesh fineness.
8.1. Elastic analysis
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The focus of the linear elastic stress
analysis is to evaluate if the hole size affects
the stress magnitude and distribution along
the ligament. The remote stress used in this
analysis was a working stress of 147 MPa (i.e.
oys/2). Results of the analyses (oyy vs. x/Lo) for
specimens S1 to S3 are plotted in fig. 8
together with the response of SF1-A. As can be
depicted from the figure, increasing the hole-
diameter will reduce the high stress gradient
close to the hole, resulting in a better
distribution of stresses. Also, the three hole-
diameters reduced the maximum stress
significantly as given in table 2 if compared to
the sharp crack tip stress of SF1-A. However,
the difference between the different hole-
diameters is not significant. It should be
noted that these stress values are theoretical
stresses and this type of analysis was
conducted mainly to compare the stress
concentration for different cases. More
realistic results will be shown in the elastic-
plastic analysis. Also given in table 2 are the
values of the Crack Mouth Opening
Displacement (CMOD) for the four specimens
at the working stress of 147 MPa. Increasing
the hole diameter resulted in higher CMOD
values leading to more compliant specimen.
Furthermore, increasing the diameter of the
hole will reduce the ligament length and hence
increasing the load eccentricity. This has
resulted in the development of compressive
stresses at the end of the ligament and the
magnitude of stresses and length of the
compressive stress zone increase as the hole-
diameter increases as depicted from fig. 8.
Thus, elastic analyses revealed that drilling a
hole at the crack tip will ease the stresses but
increasing the hole diameter might have other
harmful effects.

Table 2

Results of linear elastic analysis (0*- 0ys/2.0)
Specimen  0Oyymax MPa Corresponding

(at x/Lo=0) CMOD mm

SF1-A 7616 0.2068
S1 2082 0.5856
S2 2068 0.4127
S3 2311 0.2931

8.2. Elastic-plastic analysis

Alexandria Engineering Journal, Vol.

Elastic-plastic = analyses have  been
conducted for the specimens S1 to S3 using
the FEM meshes as in the elastic analysis.
The constitutive model for the material
behavior is shown in fig. 9. The values of oys,
ou, and & were experimentally obtained, the
other values were computed such that strain
at the end of yielding zone (es) = 10 & and the
strain hardening curve follows a parabola with
an initial tangent modulus Es: =2500 MPa with
a horizontal tangent at ultimate stress. Similar
models have been used before in the literature
[13].

An incremental displacement control
procedure has been utilized with an increment
size of 0.04 mm, tolerance of 0.1%, and von
Mises yielding criterion were used throughout.
The predicted remote stress-edge deformation
curves for the three specimens are shown in
fig.10 together with the average experimentally
obtained load levels. Generally, larger hole-
diameters resulted in lower load-carrying
capacity as the ligament length decreases.
Further, as given in table 3, good agreement
was observed between predicted and
experimental results for the three specimens
with a difference in the ultimate load of 4.8,
4.3, and 593 % for S1, S2, and S3,
respectively. The same agreement was found
for the deformation at the ultimate load except
for the specimen S3, where very high
differences where found between numerical
simulation and experimental work. The other
critical aspect is that there was dislocation
emission for the specimens due to the
different hole-diameters indicating ductile
behavior. Fig. 11 shows the contour of
effective (von Mises) stresses as predicted by
the elastic-plastic analysis at the end step. It
is clear that there exist considerable plastic
stresses in the ligament ahead of the hole for
the three specimens. The shape of the plastic
stress zone matches those shown before for
the experimental testing in fig 5-b to d. Also,
the deformed shapes of the three specimens at
the end of the simulations are shown in fig. 12
which also agree with the experimental work.
Elastic-plastic  analysis failed to predict
the cleavage mechanism observed in the
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Fig. 8. Vertical Stress Component oyy along the ligament.
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Fig. 9. Material constitutive relation used in elastic-plastic
analysis.

experimental testing of SF1 as shown before in
fig 5-e. This may be attributed to the factors
discussed before which were not modeled in
the analysis such as imperfection.

9. Conclusions

Based on the theoretical, experimental,
and numerical analysis in this paper, the
following conclusions can be drawn. All
conclusions are limited to the sizes of the

holes and material properties considered in
this study:

1. Blunting the crack tip is vital for changing
the material behavior to ductile, i.e.
dislocation emission, instead of brittle
behavior associated with cleavage.

2. Blunting the crack tip eases the stress field
near the tip and results in better stress
distribution. The size of the hole, is the range
considered in this study, is not significant in
this regard.

3. As the size of the hole for crack tip blunting
increases, the load carrying -capacity
decreases and the specimens become more
compliant.

4. Very good agreement has been found
between the experimental and numerically
predicted response with respect to load level,
deformation, and dislocation emission.

5. A 5 mm hole-diameter would suffice in
most practical cases for blunting the crack tip
and plastic behavior has been achieved
irrespective of the hole-diameter.

Fig. 10. Prediction of remote stress-deformation response
for S1, S2, and S3.
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Fig. 11. Effective von Mises stresses at the end of simulation.

Fig. 12. Deformed shape at the end of simulation.

Table 3

Comparison between experimental results and numerical simulations

Specimen Ultimate stress MPa Corresponding CMOD mm Corresponding HRD mm
Exp. Num. Diff.% Exp. Num. Diff.% Exp. Num. Diff.%
S1 215 225.49 4.9 18.60 17.95 -3.5 13.15 13.23 0.6
S2 233 243.01 4.3 17.28 17.77 2.8 13.03 12.97 -0.5
S3 246 260.60 5.9 14.73 16.53 12.2 10.95 11.94 9.1
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