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A dynamic caustics test system was used, and different moving cracks were analysed to study the interaction between the crack
growth rate, stress intensity factor, and curvature of the elliptical end of a moving crack under impact loading. Based on the linear
elastic fracture mechanics theory, linearly fitting of the crack tip stress intensity factor and the elliptical curvature were employed
to obtain the specific functional expressions. ABAQUS software was used to numerically simulate the moving crack fracture
process passing through different elliptical curvatures. +e crack tip stress intensity factor was calculated by the stress ex-
trapolation method. +e stress intensity factor obtained from the numerical calculation and the caustics test was consistent. +e
test and numerical simulation results showed that the direction of moving cracks entering and passing through the elliptical
defects shows a certain regularity. As the ellipse curvature increased, the moving crack stress intensity factor passing through the
ellipse gradually decreased, and the moving crack also passed easily through oval defects.

1. Introduction

During rock excavation, rock masses with joints, cracks,
holes, and other defects are often encountered. Scholars at
home and abroad have mostly researched joint angles,
numbers, and directions, but there has been little research on
interactions between moving cracks and crack tip curvature.
Griffith suggested that there are many small cracks or defects
in actual materials, and the sharp decline in macromaterial
strength is mainly due to the large number of material
defects. +erefore, it is necessary to study interactions be-
tween moving cracks and rock masses with defects.

Renshu Yang et al. [1] studied a polymethyl methac-
rylate (PMMA) directional fracture blasting test with defects
and showed that, with increasing curvature on both sides of
the specimen defect, the main crack peak propagation ve-
locity and the peak dynamic stress intensity factor (SIF)
gradually decreased. Liyun Yang et al. [2] conducted a
caustic test on crack propagation evolution characteristics in
the combined dynamic and static stress field and discussed

the initial stress field effect on blasting crack propagation.
Zhenhai Zhu [3] used a dynamic photoelastic test to observe
the dynamic interaction between the explosion stress wave
and the static radial crack produced by an explosion as well
as the interaction between the reflected wave from the free
boundary and the expanding crack. Yao et al. [4] used
dynamic and static caustic methods in experimental re-
search on plexiglass, aramid fibre composite material, and
fibre-basic functionally graded material fractures with
parallel cracks on the same and opposite sides under tensile
stress waves. Camas et al. [5] carried out three-dimensional
modelling of CT aluminium samples considering the three
combinations of different load levels, specimen thicknesses,
and crack end curvatures and showed that the plastic zone
range depended on the applied load, the specimen thickness,
and the crack curvature. When the curvature radius de-
creased, the plastic zone range expanded. Gao et al. [6]
proposed a new theoretical model based on the crack tip
plastic zone and shear zone (STZ) theory and studied the
crack tip curvature radius evolution. Tomlinson and

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 5524635, 12 pages
https://doi.org/10.1155/2021/5524635

mailto:1964423767@qq.com
https://orcid.org/0000-0003-4711-0680
https://orcid.org/0000-0002-9260-4404
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5524635


Patterson [7] studied reflection caustic images of precracked
flat plates and precracked shell structures, thereby showing a
clear curvature radius influence. Enling et al. [8] used a first-
level light air gun loading system to analyse the CFRP
laminate deformation process and failure mode with dif-
ferent curvatures. +e principal stresses of each layer along
the 0° and 90° laminate fibre directions were obtained.
Zhong wen Yue et al. [9] studied the interaction between the
propagation crack and cavity under the slotted hole ex-
plosive load.+e results showed that the slotted hole and the
burst crack directly penetrated the hole, and the hole had an
obvious guiding effect with the burst crack appearing as a
type I fracture. Qing Li et al. [10] studied the crack initiation
time, crack growth rate, and fracture toughness of semidisc
specimens with precracks of different inclination angles
under impact loading. Zhong wen Yue et al. [11] studied the
blast hole spacing effect on blasting crack growth in the
cutting charge and showed that, with increased blast hole
spacing, the burst cracks between two holes no longer
penetrated directly. Rather, the deflection occurred in the
“hand-in-hand” state, and the growth rate of burst cracks
and peak dynamic stress intensity factor gradually decreased
with increased blast hole distance. Jun Dai et al. [12] used
numerical simulation methods to study the burst crack
penetration mechanism between slits in rock and theoret-
ically verified the slit pipe width feasibility. Guiyun Gao et al.
[13] showed that, for specimens with the same compression
deformation, the fracture toughness along the plastic
compression direction was greater than the fracture
toughness in the isotropic plane perpendicular to the plastic
compression direction. As the compression deformation
increased, the material fracture toughness was enhanced,
and the brittle-toughness transition occurred. Wenfeng Hao
et al. [14] conducted a dynamic caustics test using fibre
bundles of different thicknesses and showed that the fibre
bundle shielded the stress intensity factor and crack
propagation speed at the crack tip. As the fibre bundle
thickness increased, the shielding effect gradually increased.
Xuefeng Yao et al. [15] studied the dynamic fracture be-
haviour of a three-point bending beam with offset cracks
and analysed the influence of the initial crack distance from
the beam centreline and half of the beam length on crack
propagation behaviour. Shiwei Shen et al. [16] used dynamic
caustics to study the double-hole rock mass blasting under
different joint spacing conditions. +e explosion stress wave
propagated to the joints to deform the joint tip and guide the
secondary cracks at the crack tip. Dongming Guo [17] used a
digital laser caustics test system to study the blasting ex-
cavation influence on adjacent roadways. Compared with
circular and arched roadways, the rectangular roadway
damage was more direct from the direct blast side, which
meant that the plane reflected more stress waves than the arc
surface, resulting in stronger tensile failure. Yanbing Wang
[18] used dynamic caustics to observe the cutting charge of
different charge structures and used the finite element
software LS-DYNA to calculate the relationship between the
initial cutting charge blasting crack and the noncoupling
coefficient. +e results showed that the slit drug bag cutting
effect with a noncoupling coefficient of 1.67 was the best.

Lang Lin et al. [19] showed that the crack growth rate,
dynamic fracture toughness, and energy release rate all
increased with increasing loading rate, and the delayed crack
initiation time decreased with increasing loading rate.
Jinjing Zuo explored the fracture dynamic properties of
defect bodies under explosion loading by using the system of
digital laser dynamic caustics; experimental results found
that the fracture toughness increases with the decrease of the
curvature [20]. Using the method that combines dynamic
photoelasticity with dynamic caustics, Jing Fang studied the
propagation mechanism of cracks under impact [21].
Chenxi Ding et al. found that, as the notch curvature de-
creases, both the peak value of the dynamic stress intensity
factor and the corresponding peak value of the propagation
velocity of the crack tip increase significantly after the
initiation [22]. With the development of computer simu-
lation technology, numerical simulation is an important
method to solve the stress analysis in notched structure
[23–25]. +e authors in [26] studied the effects of U-shaped,
V-shaped, and I-shaped notches on the deformation
mechanism of metal materials under impact loading by
comprehensively using model experiments and numerical
simulations.

Many scholars have studied the crack propagation path,
crack propagation speed, and stress intensity factor at the
crack tip through dynamic caustic tests. However, they
seldom pay attention to the stress intensity factor and defect
tip curvature when a moving crack passes through the flaw
and cracks again. In this study, the dynamic caustics test
system was used to study the prefabricated elliptical crack
curvature influence on the stress intensity factor, propa-
gation path, and propagation speed of the moving crack by
changing the prefabricated ellipse tip curvature. +e crack
tip stress intensity factor was also calculated by stress
extrapolation.

2. Test Principle

When stress in an engineering material changes, its optical
properties also change. Due to the Poisson effect, the
thickness of the solid decreases when subjected to tensile
stress; the solid becomes a light-thin material with a cor-
responding decreased refractive index. After parallel light is
reflected and refracted on the surface of a transparent object,
bright and dark areas, called caustics, are formed on the
reference plane.

Figure 1 illustrates the dynamic caustics test system used
in this study. +e system consisted of a laser source, a beam
expander, a convex lens, a drop hammer, a high-speed
camera, and a computer. +e camera was a Fastcam-SA5,
and the camera could take up to 75,000 pictures per second.
+e falling weight was 0.8 kg, and the hammer drop height
was 50 cm. +e consistent drop height of the hammer en-
sured that the crack growth in each impact test obtained the
same energy.

+e stress intensity factor is commonly used to char-
acterize the crack tip stress field. In the caustics test system,
the expression of the dynamic stress intensity factor and at
the tip of the compound crack is in the following form [27]:
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where Dmax is the maximum diameter of the focal speckle
along the crack direction; Z0 is the distance between the
reference plane and the specimen plane; c is the material
optical stress constant; deff is the specimen effective thick-
ness; μ is the stress intensity factor proportional coefficient
determined by the focal speckle maximum diameter Dmax
and minimum diameter Dmin; g is the stress intensity factor
related to the value of μ; and F(v) is the crack growth speed
adjustment factor with a value of approximately 1 when the
crack growth rate is lower than 0.6cR (cR is the Rayleigh wave
velocity of the material).

Figure 2 shows the three-point bending elliptical crack
type I fracture force model.

Assuming that the ellipse long axis is 2a, the short axis is
2b, and the focal point coordinates are (c, 0), the parametric
equation of the plane ellipse is given in the following form:

x � a cos t,

y � b sin t.
(2)

+e ellipse curvature expression can be calculated as
follows [28]:

κ(t) �
ab

a
2sin2 t + b

2cos2 t 
(3/2)

. (3)

In the ellipse parametric equations x � a cos t and
y � b sin t, the coordinates at both ends are (− a, 0) and (a,
0), t� 0 and t� π are substituted into the ellipse curvature
expression to obtain the curvature at both ends of the ellipse
κ(t) � (a/b2), and the curvature radius expression at both
ends of the ellipse is in the following form:
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1
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�
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a
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+e stress at the end of an elliptical crack is

σA � σ 1 +
2c

a′
 . (5)

According to Inglis fracture theory [29], substituting the
formula for the curvature radius into the above formula can
be given:
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where σA is the stress at the elliptical crack end, σ is the
applied stress, a′ is the atomic distance, ρ is the radius of
curvature, and 2c is the crack length.

Because c≫ ρ, then (c/ρ) is large, omitting “1.” +en,

σA � 2σ
�����
cκ(t)


. (7)

According to the Griffith theory [29], σA is equal to the
theoretical bonding strength σth, and the crack is pulled
apart to further expand, causing the material to break.

σth �
cE

a′
 

(1/2)

. (8)

+e theoretical bonding strength σth is only related to
material constants such as the elastic modulus, surface
energy, and atomic distance. Normally, the surface energy c

is approximately (a′E/100) [30]. +en,

σth �
E

10
. (9)

+e stress intensity factor (SIF) is a physical quantity that
characterizes the stress field size at the crack tip and the
relationship between the crack tip stress and the stress in-
tensity factor. Based on linear elastic mechanics and brittle
fracture theory, this study proposes the stress intensity factor
influence coefficient η, namely, SIF � ησ. Peng Xu et al. [31]
offered a similar discussion. When the distance between the
measuring point and the crack tip approaches 0, the stress
intensity factor at the tip of a mode I crack has a linear
relationship with the stress component perpendicular to the
crack propagation direction. Let σA � σth be the available
applied stress σ � (E/20(c)(1/2))[κ(t)]− (1/2). +en, the SIF
can be obtained:

Laser Expander Convex lens 1 Specimen Convex lens 2 ComputerHigh-speed camera

Figure 1: Digital laser dynamic caustics experimental system.

Figure 2: Schematic of the stress on the three-point bending el-
liptical crack type I fracture.
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Equation (10) shows that, as the curvature increases, the
stress at the crack tip and the SIF decrease. +erefore, the
stress at the crack tip is related not only to the elastic
modulus but also to the crack tip curvature and increases
and decreases accordingly.

3. Test Plan

PMMA was used as the test material. +e basic physical and
mechanical parameters included the longitudinal wave ve-
locity cp � 2320m/s, shear wave velocity cs � 1260m/s,
dynamic elastic modulus Ed � 6.1GPa, and Poisson’s ratio ]
� 0.31. Plexiglass is a kind of rock-like material with good
optical properties. +e model size was 200∗500∗5mm, and a
precrack with a length of 5mm was opened at the bottom of
the organic glass plate. For convenience, elliptical defects
with curvatures of 20, 5, 1.25, 0.56, 0.31, and 0.2 mm− 1 were
numbered L1 to L6 sequentially. +e drop hammer weight
was 0.8 kg, the hammer drop height was 0.5m, and the drop
hammer fell freely to the upper edge of the test piece. Each
test ensured that the hammer drop height was the same so
that the plexiglass obtained the same cracking energy. Ta-
ble 1 lists the specimen dimensions.

4. Results and Analysis

Dynamic caustics were used to analyse the moving crack
fracture process passing through the ellipse. +e time was 0
when the drop hammer acted on the plexiglass. +e caustic
speckle shape was symmetrical along the crack propagation
direction, which showed a type I crack.+e focal speckle size
indicated the degree of stress concentration at the crack tip.

When the hammer dropped, all six specimen types
cracked from the centre, and the cracks began to expand
from bottom to top.+e position where the drop weight was
applied was the centre of the specimen, which was a typical
three-point bending fracture. +e cracks were linear. When
encountering prefabricated elliptical prefabricated defects
with different curvatures, the cracks passed through the
defects and continued to propagate forward until the
specimen was completely broken. Without error, the falling
weight loading position was the central specimen position,
and the crack was subjected to tensile stress, which was a
typical type I fracture. Excluding human factor influence and
the specimen machining accuracy, the drop weight position
may have been slightly left or right. +e specimen was
subjected to not only tensile stress but also in-plane shear
stress. +e specimen fracture was in the form of a I-II
composite type fracture. Figure 3 shows the crack propa-
gation trajectory of specimens L1–L6 under the drop
hammer impact load. +e cracks started to break from the
lower part of the specimen, and the moving crack passed
through the defect and continued to expand forward until
the specimen was completely broken.

Figure 4 shows the dynamic focal speckle changes of a
moving crack passing through an elliptical defect. When the

drop hammer fell from a height of 50 cm, the impact load
acted on the test piece upper edge, and caustics appeared on
the upper part of the elliptical prefabricated defect. +e end
of the linear prefabricated crack in the specimen centre also
started to appear as a caustic spot. Unlike the focal speckle
on the upper part of the linear precrack, the focal speckle
radius on the upper part of the elliptical precrack first in-
creased, then decreased, and then disappeared. +e SIF
between the elliptical defect and the upper specimen
boundary did not exceed the plexiglass fracture toughness;
there was stress concentration in this part, but no fracture.
+is may have been a direct effect of the falling weight with
and part of the energy concentrated on the upper end of the
elliptical prefabricated defect.

When stress concentrated at the linear precrack tip at the
lower end of the specimen, the focal spot radius became
larger. At that time, the linear precrack tip gathered energy,
and the crack opened and expanded forward along the linear
precrack, passing through the elliptical defect until the
specimen was completely destroyed.

4.1. Crack Propagation Path Analysis. During the experi-
ment, if the drop hammer position was slightly at the left or
right of the centre, the moving crack direction entering the
elliptical defect was different. If a moving crack entered an
elliptical defect from the left side, the crack continued to
expand forward along the middle and right sides of the
elliptical defect. When a moving crack entered an elliptical
defect from the right side, the crack continued to expand
forward along the middle and left positions of the elliptical
defect. When a moving crack entered an elliptical defect
from the middle, the crack continued to expand forward
along the left, middle, and right positions of the elliptical
defect. We tested six groups of specimens, with each group
containing three specimens for a total of 18 specimens. None
of the specimens showed a moving crack entering from the
left side of the defect and penetrating from the left side, nor
entering from the right side of the defect and exiting from
the right side. Figure 5 shows moving crack trajectories
through elliptical defects.

4.2. Crack Movement Speed Analysis. +e moving crack
dynamic fracture process under impact loading with ellip-
tical defects can be divided into four stages: I energy ac-
cumulation stage, II first crack, III through the hole, and IV
secondary crack initiation.

Figure 6 shows the relationship curve between the crack
growth rate and time under the L1 specimen impact load. I
energy accumulation stage: as the drop hammer began to
contact the test piece, the energy at the linear prefabricated
crack tip began to accumulate. II first crack: at approxi-
mately 146.3 μs, the L1 specimen began to crack, and ob-
vious cracks began to appear at the linear precrack tip. At
that time, the crack propagation speed was 3.3m/s. At
199.5 μs, the peak first cracking speed was 179.6m/s. At
approximately 266 μs, the moving crack expanded to an
elliptical defect, and the crack propagation speed dropped
rapidly to 76.4m/s. III through the hole: during this process,
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the crack growth rate dropped to zero rapidly, and energy at
the upper end of the ellipse continued to gather. IV sec-
ondary crack initiation: at approximately 731.5 μs, the SIF at
the end of the ellipse exceeded the material fracture
toughness, and a secondary crack initiated from the upper
end of the ellipse. At approximately 744.8 μs, the peak
second crack initiation velocity was 192.1m/s. Compared
with the crack passing through the elliptical defect, the crack
propagation speed increased after passing through the el-
liptical defect. +is may have been because secondary
cracking required more energy, and the crack tip energy had
difficulty maintaining high-speed crack propagation, rapidly
decreasing the crack propagation speed. +e experimental
data were consistent with the literature [32].

Due to space limitations, a description of the crack
growth rate time history curves of specimens L1–L6 is not
included. With the decreased elliptical end curvature, the
peak secondary cracking occurred when the moving crack
passed through the elliptical defect. +e speed rose signif-
icantly, which may have been due to the elliptical end be-
coming increasingly dull, leading to elliptical end cracking
requiring more energy to gather and a sharp crack propa-
gation speed decline.

4.3. Dynamic Stress Intensity Factor Analysis. Figure 7 shows
the L1 stress intensity factors over time. I energy accumu-
lation stage: under the drop hammer impact load, the linear
preformed crack tip focal speckle radius gradually became
larger for the L1 specimen because the crack tip energy
continued to accumulate. II first crack: cracking began at
approximately 146.3 μs. +e stress intensity factor at this
time was 0.28MPa·m1/2. As the crack continued to grow

forward, the stress intensity factor at the crack tip decreased
slightly, and the stress intensity factor during crack prop-
agation was lower than the stress intensity factor during
crack initiation, indicating that the fracture toughness
during crack propagation was less than the fracture
toughness during crack initiation. III through the hole: as the
moving crack coincided with the elliptical defect, the crack
tip focal speckle temporarily disappeared, the stress intensity
factor was 0, and the focal speckle began to appear at the
upper end of the elliptical defect where the energy continued
to gather. IV secondary crack initiation: at approximately
731.5 μs, the crack started from the upper end of the ellipse
for a second time, and at approximately 744.8 μs, the peak
crack tip stress intensity factor was 0.31MPam1/2 when the
stress intensity factor dropped rapidly until the test piece was
broken.

+e crack tip stress intensity factors in specimens L1–L6
were roughly similar. With the decreased elliptical curvature
when the moving crack passed through the elliptical defect,
the secondary cracking peak SIF also increased significantly.

4.4.Analysis of theRelationshipbetween theDynamicFracture
SIF and Curvature Change. Table 2 shows the peak stress
intensity factors of the second crack initiation of the L1–L6
specimens passing through the elliptical defect. +e second
crack initiation peak stress intensity factor and the crack tip
curvature expressions are given in (10), where SIF is the
dynamic intensity factor; η is the stress intensity factor
influence coefficient; 2c is the prefabricated elliptical defect
length; E is the plexiglass elastic modulus; and κ(t) is the
elliptical prefabricated crack tip curvature.

Considering SIF from the above equation as the de-
pendent variable y, κ(t) is regarded as the independent
variable x, and a new nonlinear analysis function in Ori-
ginPro8 software is obtained as y � A∗x− (1/2), where y �

44.16x− (1/2) was obtained by the nonlinear fitting of the 6
sets of data, as shown in Figure 8. +e correlation coefficient
R2� 0.996 showed that these two variables had a strong
correlation. From A� (ηE/(20(c)(1/2))) � 44.16, substituting
E� 6.1GPa� 6.1× 103MPa and c� 5mm� 5×10− 3m, we
obtain a value of η� 1.02×10− 2.

Substituting η � 1.02×10–2 into (10), we can obtain

SIF � 5.12 × 10− 4 E

(c)
(1/2)

[κ(t)]
− (1/2)

. (11)

+e crack tip curvature and length are reported based on
the plexiglass three-point bending dynamic fracture caustic
line test as well as the relationship between the crack tip SIF

Table 1: Specimen dimensions.

Number Prefabricated defect shape Ellipse curvature (mm− 1) Long axis (mm) Short axis (mm)
L1 Ellipse 20 10 1
L2 Ellipse 5 10 2
L3 Ellipse 1.25 10 4
L4 Ellipse 0.56 10 6
L5 Ellipse 0.31 10 8
L6 Round 0.2 10

Figure 3: Specimen fracture schematic.
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t = 13.3µs t = 133µs t = 292.6µs t = 771.4µs

(a)

t = 13.3µs t = 146.3µs t = 305.9µs t = 758.1µs

(b)

t = 13.3µs t = 146.3µs t = 305.9µs t = 784.7µs

(c)

t = 13.3µs t = 146.3µs t = 292.6µs t = 758.1µs

(d)

t = 13.3µs t = 146.3µs t = 305.9µs t = 771.4µs

(e)

t = 13.3µs t = 146.3µs t = 292.6µs t = 784.7µs

(f)

Figure 4: +ree-point curved focus speckle schematic. (a) L1. (b) L2. (c) L3. (d) L4. (e) L5. (f ) L6.
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and the material elastic modulus. Plexiglass is a homogeneous
and isotropic brittle material, while rock is a nonhomoge-
neous and anisotropic material. +erefore, directly applying
this equation may cause certain errors. However, the rela-
tionship between the crack tip curvature and fracture
toughness is still a useful calculation for ideal states.

+e degree of curvature of a smooth plane curve is
defined as the derivative of the curvature radius; the greater
the curvature, the greater the degree of curvature of the
curve at that point. We also observe from the above equation

that, as the ellipse tip curvature increases, the SIF decreases
sharply.

5. Crack Growth Numerical Simulation

+is study used numerical simulation software ABAQUS to
simulate the crack propagation process. +e model size was
the same as the above three-point bending test model at
200∗50∗5mm, and the material’s elastic modulus, Poisson’s

(a) (b) (c) (d)

(e) (f) (g)

Figure 5: Moving crack trajectory diagrams through elliptical defects. (a) In from the left and out from the middle. (b) In from the left and
out from the right. (c) In from the right and out from themiddle. (d) In from the right and out from the left. (e) Into the middle and out from
the left. (f ) Into the middle and out from the middle. (g) Into the middle and out from the right.
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ratio, and other mechanical parameters were also consistent
with those above. +e uniaxial compressive strength was
120MPa, the falling weight height was 0.5m, the falling
weight was 0.8 kg, and the falling weight instantaneous
velocity upon contact with the specimen was 3.13m/s. +e
model used a two-dimensional variable shell element for
simulation, and the model specimen used a quadrilateral
plane stress element.+emodel had a total of 4,536 elements
and 7,198 nodes. Crack initiation adopted the maximum
principal stress failure criterion [33]. When the maximum
principal stress in a certain direction of the element exceeded
the tensile strength of time, the material failed and the crack
started to grow. +e model used a free boundary. Figure 9
shows the model mesh.

Figure 10 shows the von Mises stress cloud diagrams of the
interaction process between the moving crack and the elliptical
prefabricated defect under impact loading. When the falling
hammer impact load acted on the specimen, stress concen-
tration occurred at the contact point of the falling hammer and
the test piece with two fulcrums at the upper end of the pre-
fabricated linear crack.+e vonMises stress cloud colour depth
indicates the magnitude of the stress. +e peak stress at the
prefabricated crack tip at the bottom of the specimen increased
with time. Before the crack initiated, the peak stress at the crack
tip decreased, the stress peak oscillated slightly, and the crack
began to crack. Before the moving crack passed through the

elliptical prefabricated defect, the peak stress at the crack tip
decreased, and the peak stress at the crack initiation point
increased again compared with that before passing through the
defect before finally breaking completely. Although only the L1
specimen stress cloud diagram is described here, specimens
L2–L6 behaved similarly. +e crack tip peak stress behaviour
was consistent with the stress intensity factor in the caustics test.

Figure 11 gives the secondary cracking local stress cloud
diagram when specimens L1–L6 passed through the ellip-
tical defect. +e stress attenuation was perpendicular to the
crack propagation direction. With the decrease in the el-
liptical end curvature, secondary cracking occurred. +e
crack peak stress had a nonlinear correlation with the ellipse
curvature. With decreasing curvature, the crack end peak
stress decreased significantly.

A previous study [34] calculated the SIF at the tip of a
mode I crack by extrapolating the element stress in the
numerical calculation:

KI � lim
r⟶0

����
2πri


σ,

KIi � σxi

����
2πri


,

(12)

where KI is the stress intensity factor at the typeI crack tip, r

is the distance from the measuring point to the crack tip, and
σx is the stress component perpendicular to the crack
propagation direction.

Table 2: Crack tip curvature and stress intensity factor (SIF) parameters.

Number κ(t)/m-1 SIF/MPa·m1/2 （MN·m1/2）
L-1 20×103 0.31
L-2 5×103 0.63
L-3 1.25×103 1.27
L-4 0.56×103 1.9
L-5 0.31× 103 2.5
L-6 0.2×103 3.1
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Figure 8: Crack initiation SIF with crack curvature.
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+e least square method was used for linearly fitting
(ri, KIi). Assuming that the relationship between a and b
could be approximated by a linear relationship, then
KI � Ar + Bwhen r � 0 and KI ≈ KI(r � 0) � B.

Because the finite element software ABAQUS could
not directly output the crack tip stress intensity factor, it
was calculated indirectly by extracting the crack front
element data.

A linear fitting was performed on (ri, KIi) to obtain the
crack tip stress intensity factor when L1–L6 cracked again,
and the results were compared with the test results obtained
from the caustics test, as shown in Figure 12. +e error
between the two results was acceptable. +e discrepancy
between the tip stress intensity factor when the crack started
again and the literature [5, 6] may have been due to the
defect boundary effect.
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Figure 10: L1 specimen von Mise stress cloud diagram. (a) 76 μs. (b) 158 μs. (c) 302 μs. (d) 360 μs.

Figure 9: Model mesh schematic.
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Figure 12: Comparison of the caustics test and numerical calculations.
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Figure 11: L1–L6 specimen von Mise stress cloud diagrams. (a) κ(t) � 20mm− 1. (b) κ(t) � 5mm− 1. (c) κ(t) � 1.25mm− 1. (d) κ(t)

� 0.56mm− 1. (e) κ(t) � 0.31mm− 1. (f ) κ(t) � 0.2mm− 1.
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6. Conclusions

(1) When a moving crack encountered elliptical defects
with different curvatures, the secondary crack ini-
tiation stress intensity factor changed. In this study,
the influence coefficient of the stress intensity factor
is proposed, and the expression of the secondary
cracking stress intensity factor with the ellipse cur-
vature of the ellipse is SIF � 2.14× 10− 4 (E/(c)(1/2))

[κ(t)]− (1/2). As the curvature increased, the stress
intensity factor at the crack tip decreased. Under
the same impact load, when the ellipse gradually
changed from a circle to a line, it became easy for
the moving crack to pass through the tip of the
ellipse.

(2) When the drop hammer impacted the specimen,
both the upper part of the elliptical defect and the
upper end of the linear precrack produced focal
speckles, and stress concentration occurred. +e
stress concentration in the upper part of the ellipse
may have been due to the direct action of the falling
weight, and part of the energy was concentrated at
the upper end of the elliptical prefabricated defect.
+e focal speckles at the upper end of the linear and
front cracks may have been due to the continuous
accumulation of energy at the crack tip. +e energy
was concentrated to a certain extent, and the crack
propagated forward along the linear preformed
crack.

(3) After the moving crack entered the defect from the
middle position of the lower defect tip, it expanded
forward along the left, middle, and right three di-
rections of the upper part of the defect. If the moving
crack entered the defect from the left side of the
lower defect tip, it expanded forward along the
middle and right directions of the upper part of the
defect. If the moving crack entered the defect from
the right side of the lower defect tip, it expanded
forward along the middle and left directions of the
defect.

(4) Using the finite element software ABAQUS, the
indirectly calculated stress intensity factor and the
caustic test results were compared based on stress
extrapolation. +e error between the two was within
an acceptable range.
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All data can be obtained from the corresponding author
upon request.
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