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ABSTRACT

A Semi-circular Bend (SCB) specimen containing an inclined U-shape edge notch was used to
study mixed mode crack initiation and growth behavior in three-dimension. The effect of the
inclination angle of the notch on the crack trajectory was studied. After identifying the crack path,
mode [ and II stress intensity factors for four different crack lengths on the real path were
determined. The variations of mode I and II stress intensity factors on the crack front were also
depicted. It is found for different inclination notch angle that, the crack initiated from the notch in
SCB specimen at the point of the longest vertical coordinate on the notch surface. The maximum
value of mode I normalized stress intensity factor occurs only on the mid plane in the case of pure
mode [. However, this location moves away from the mid plane to the surface of the specimen by

increasing the value of the mode mixity.
Key words: Mixed mode I/II, crack initiation angle, crack growth path, SCB specimen

INTRODUCTION

Made I fracture toughness, Ky, or (G, of many advanced engineering materials such as
bimaterial (Shah et al., 2005a, b), interlaminar mode I fracture toughness (Beng et al., 2007,
Zenasni et al., 2006; Zulkifli ef al., 2008), has received adequate attention from researchers. In
practice the pre-existing cracks in the structures are often subjected to complex loading. For such
cases, due to arbitrary orientation of flaws relative to the aoverall applied loads, cracks experience
a combination of two major modes of loading: mode I and IT (mixed mode I/II). The prediction of
cracking direction and subsequent crack path is well-recognized problem. REecently, considerable
research efforts have been to investigate crack growth behavior under mixed mode /I loading. A
variety of mechanics-based theories have been proposed and used by investigators to predict the
direction of crack growth under mixed mode I/II loading (Hammouda et al., 2004;
Muthurajan et al., 2006; Ouinas et al., 2006; Ravichandaran and Thanigaiyarasu, 2011;
Shariati and Maghreli, 2009). Under mixed mode loading conditions, fracture of cracked
components and structures may grow along curvilinear paths and not necessarily along the
direction of original crack. Aliha et al. (2010) studied the mixed mode I/II crack growth behavior
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of guiting lIimestone by using a Semi-circular Bend (SCB) specimen. They observed that,
trajectories crack is not only depending on the mode mixity but alse on the specimen shape.
Avatollahi and Aliha (2007) presented the results of rmxed mode fracture tests on PMMA in the full
range from pure mode [ to pure mode II obtained from the cracked SCB specimen. All of them
deduced the same general formula for mode I normalized stress intensity factor Y; which
is defined as:

K
_ K 1
¥ cap\flrc ()
And for mode II:
- Ky 2
v, =Ko @

K; = Mode I stress intensity factor
K} = Mode II stress intensity factor:
o,, = P/I2Rt

t = Specimen thickness

P = Appliedload

R = Radius of specimen

1 = Crack length

The objective of this study was to analyze the mixed mode fracture behavior in three
dimensions using SCB specimen. The effect of inclination angle of edge U-notch on the crack
initiation and growth behavior was analyzed. The variation of mode I and II stress intensity factor
through the crack thickness are described. It is worth to note that, all of the previous work did not
determine the SIF of the stationary after its growth, i.e., ignore the real path of the propagating
crack (Ayatollahi and Aliha, 2008). In the present analysis, the SIF was calculated for four
different crack lengths on the real path of the crack growth for the different inclination angle of
the notch.

NUMERICAL WORK

SCB specimen of radius (R) containing an edge narrow U-notch of depth (D) and radius (p)
was selected for this study, as shown in Fig. 1. The narrow notch makes an angle, B, relative to
the wvertical direction. The specimen is placed on two bottom supports of distance 25 and is
leaded by the vertical displacement equal 1 mm. In the present study, the specimen radius
and thickness (2B) are 50 and 5 mm, respectively. The values of D/IR, S/R and D/p are 0.3, 0.4 and
100, respectively. Four different noteh inclination angles, p = 0°, 10°, 20° and 30°, were considered.
The angle to obtain pure mode II for the SCB specimen varies typically between 35 and 60°
(Avatollahi et al., 2008),

After prediction the crack path for different notch inclination angles, mode I and IT SIF of crack
emanating from that notch in real path, with crack length a equals 0.5, 1, 1.5 and 2 mm, were
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Fig. 1: Notched semi-circular bend (SCB) specimen

predicted. In the present finite element analysis, FE, the mechanical behavior of the SCB specimen
material was assumed to be isotropic behavior.

Finite element analysis: Extend Finite FElement Method (X-FEM) was used for
simulating the fracture crack path (ABAQUS, 2002) in various crack analysis problems. In the
present analysis, the crack growth direction was chosen normal to the direction of maximum tensile
stress. The general purpose finite element program ABAQUS (code version 6.9) was used
(ABAQUS, 2002) with X-FEM. A three-dimensional finite element model has been developed to
account for geometric and material behavier of SCB material plate. The finite element meshes
constructed with hexagonal structural mesh, C3D8R (8&-node linear brick) elements, are used under
Standard/static analysis. The thickness of the plate 1s divided inte 10 planar layers. Within each
layer, the size of element decreases gradually with distance from the notch reot decreasing. This
means that the Finite Element (FE) meshes in the neighborhoeod of the notch root are much denser.
The ratio of the small size element to the noteh root 18 kept constant equals 0.1. The ABAQUS code
was used for numerical calculation of K, and K| for the SCB specimen in each crack growth

length a.

RESULTS AND DISCUSSION
Probable site of crack initiation: To predict the site of erack initiation, the angular distribution
of the normalized maximum tensile stress (0,,/0,)) on the rim of the notch surface for different
inclination angle, B, has been plotted in Fig. 2. The angular position (0) at the peak value of 0,,/0,
is affected by B and increased by increasing the value of B. The site of the peak value of 0,,/0, (site
of crack intonation) was found at the point of the longest vertical coordinate on the notch rim for
different inclination notch angle. Furthermore, the magnitude of the peak value of 0, /0, decreased
by increasing the value of f for the same applied stress.

Figure 3 shows the site of crack initiation from notch root at different notch inclination angle,
P based on X-FEM. As shown in Fig. 3, the site of ecrack initiation was found as predicted in Fig. 2
at the point of the longest vertical coordinate on the notch surface for different inclination notch
angle.
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Fig. 2: Angular variation of normalized 0,,/0,, on the rim of notch

(a) p=0° (b)p=10°

(©)p =20° (d) $=30°

Fig. 3(a-d): The site of erack initiation from notch angle; (a) B =0°, (b) p=10° (c) p = 20° and
(d) p=30°

Development of crack front shape: Figure 4-7 show the development of the erack front shape
through the depth of the plate for =0, 10, 20 and 30°, respectively, without using adaptive
re-meshing technique. Examination of the figures reveals that for through-thickness SCEB
specimen, the crack exists at the mid-thickness of the specimen, 1.e., z = 0. The sequence of the crack
front formation showed that the extent of crack to spread out along the thickness direction was
faster than the extension in the forward direction. This behavior is in agreement with that reported
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by Hammouda ef al. (1997) for crack front. formation under pure mode I. Just the crack reaches the
specimen surface, more growth was recorded in the forward direction. The crack grew in a self
similar manner through the specimen thickness. In the case of mixed mode crack growth, some
deviations were recorded but sill the shape of crack front is more or less as the thumb-nail shape.
Recently, Sevak et al. (2011) studied the effect of Peisson's ratio and specimen on the shape of
crack front in two different specimen geometries (Middle Tension and 4-point bending) under pure
mode [ based on the assumption of a constant stress singularity exponent along the crack front. On
the other hand, Liu et al. (2011) recently modified zigzag approach to predict the shape of crack
front based on virtual crack closure-integral technique. The main advantage of their method 1s to
avoid adaptive re-meshing technique.

Crack path: Figure 8 shows typical crack path in SCB specimen for crack emanating from notch
with deferent p. An intuitive in the case of notch with zero inclination angle, the crack propagated
perpendicular to the tensile stress. By increasing B (increasing mode II) fracture path deviates from
the original inclination angle and grows along a curvilinear trajectory to extend toward the upper
leading point. The present numerical results of crack path in SCB specimen for all § were in
agreement with previous work of Aliha et al. (2010). So that XFEM is a good candidate to predict
the crack path.

Stress intensity factor: The results of normalized stress intensity factor (Y) for mode I and mode
IT'in the mid plan at z =0 (Y and Y
inclination angle (B) and the length of the crack emanating from the notch (a).

respectively) are tabulated in Table 1 for different notch

Ilmp?

Figure 9 shows the variation of The normalized Y; (the value of Y; is normalized by
corresponding value of mid plane at z = 0) through the crack front of SCB specimen for different
B (0°, 10°, 20° and 30°) and different crack length a. The normalized Y; increases with inereasing
the crack length, a. The maximum value of Y; shifted from the mid plane (z = 0) to the free surface
with increasing the mode of crack mixity I/I, i.e., B increased. For f = 0° the value of Y/Y
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Fig. 9(a-d): Variation of normalized mode [ stress intensity factor Y; through the crack depth
for (a) p=0° (b) p=10° (c) p=20°and (d) p =30°

Table 1: Normalized mode I and mode II stress intensity factor Yi,, and Y, at mid plane (at z = 0), for the SCB specimen

a (mm)
[ (degree) 0.5 1 1.5 2
Yime 0 25294 2.5356 25624 2.5835
10 2.4630 2.4854 25237 2.5440
20 1.5271 1.8826 2.2970 23441
30 1.3255 1.4750 2.1828 2.2152
Yitmp 0 0.0000 0.0000 0.0000 0.0000
10 01101 0.1245 01451 0.1519
20 0.1913 0.2518 0.3049 0.3110
30 0.3425 0.3682 0.3849 0.4045

decreases with increasing z/B to reach a minimum value and then increasing to the free surface
of plate. However, For § = 10° and = 20°, the value of Y/Y
a maximum value then decreased to reach a minimum value and then increased again to the free

mp iNcreases with inereasing z/B to reach
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surface. Furthermore at f = 30° Y,/Y,  increases with increasing =/B to reach the peak value at
the free surface of the specimen. It can be concluded that, the maximum Y; do not always occur on
the mid plane of the specimen and it occurs only on the mid plane in the case of pure mode I. The
location of maximum Y; moves away from the mid plane of the specimen by increasing mode mixity
11 On the other hand, near the mid plane of the specimen the value of Y /Y

the crack length, while, this value 1s highly affected by the crack length at the specimen surface

Imp

is independent on

and increased by increasing the crack length for all values of mode of mixity.

Figure 10 shows the influence of p on the normalized Y; (the value of Y;;is normalized by the
corresponding value at the mid plane) through the crack front for different a. The normalized value
of Y increased by increasing the value of z/B to reach the maximum value at the free surface of
specimen for all values of mode mixity. It can be observed an opposite trend to Y /Y, which the
value of Y, /Y, at the specimen surface decreased by increasing of crack length.

Figure 11 shows the variation of the normalized mode I stress intensity factor (Y at the
specimen surface with B for different crack length, a. It can be concluded that, the effect of the

crack length on Y; at the surface is more proncunced in a higher value of mode of mixity.

Imp

IImp

2 - -
1.12 (@) 1.08 )
amm
—a—0.5
1.1 4
10 1.06
—a—1.5 ’

1.08 {——2.0

: 1.06

11/ Ym

> 104

z/B z/B

0.98 L T T 1
0 0.25 0.5 0.75 1
z/B

Fig. 10{a-c): Variation of normalized mode I stress intensity factor Y; through the crack depth
for (a) f = 10° (b) p = 20° and (¢) p = 30°
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Fig. 11: Variation of normalized mode I stress intensity factor Y; with p

CONCLUSIONS

Based on the present numerical results the following conclusions were drawn:

¢ The site of crack initiation in notched SCB specimen was found as at the point of the longest,
vertical coordinate on the notch surface for different inclination notch angle

*  The develop of erack front shape is little effect by the value of mode of mixity and the shape of
crack front is still more or less as the thumb-nail shape

+ Extend finite element method 1s a good candidate to predict the crack path in SCB specimen
under different mode mixity

*  the maximum value of Y; occurs only on the mid plane in the case of pure mode I. Furthermore,
its location moves away from the mid plane to the surface of the specimen by inereasing the
value of the mode mixity

+ Y, at the specimen surface increased by increasing the crack length for all values of mode of
mixity, while, the opposite trend was found in the case of Yy
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