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E
ects of defects on the dynamic fracture behavior of engineering materials cannot be neglected. Using the experimental system of
digital laser dynamic caustics, the e
ects of defects on the dynamic fracture behavior of nearby running cracks are studied. When
running cracks propagate near to defects, the crack path de�ects toward the defect; the degree of de�ection is greater for larger defect
diameters. When the running crack propagates away from the defect, the degree of de�ection gradually reduces and the original
crack path is restored. 	e intersection between the caustic spot and the defect is the direct cause of the running crack de�ection;
the intersection area determines the degree of de�ection. In addition, the defect locally inhibits the dynamic stress intensity factor
of running cracks when they propagate toward the defect and locally promotes the dynamic stress intensity factor of running cracks
when they propagate away from the defect.

1. Introduction

Defects such as cracks and holes inevitably exist in most
engineering materials. Developments in fracture mechanics
and material mechanics have shown that small defects have a
signi�cant impact on the mechanical properties of materials
[1–3]. Material fracture follows a process of crack initiation,
propagation, and arrest under external loading. Defects such
as cracks and holes in materials have clear e
ects on this
process. 	e fracture behavior of defective materials under
dynamic loading is o�en more complex than that under
static loading [4] and is important in many engineering
applications, such as automobile collisions, gravity piling,
and rock blasting. 	erefore, fracture behavior of defective
materials under dynamic loading is the focus ofmuch current
research.

Many experimental studies have been carried out on the
dynamicmechanical behavior of materials and structures [5–
13]. Zhang and Zhao [5] carried out a semidisc dynamic
three-point bending test with impact loading. 	eir results
showed that dynamic loading rate has a great in�uence on
fracture toughness and arrest toughness of materials. Cortet

et al. [6] found attractive and repulsive phenomena of two
opposite-running cracks. Koivisto et al. [7] and Fender et
al. [8] conducted further studies on such phenomenon and
revealed the cause of these crack interactions using a simple
geometric model. Yang et al. [9] noted that when a running
crack traverses hole-like defects with di
erent diameters, the
stress intensity factor and propagation velocity of the running
crack change proportionally.

	eoretical calculations and numerical simulations have
also been studied in depth [14–20]. 	e hybrid displacement
technique and the �nite element method (FEM) were used
by Soh and Yang to describe the e
ects of material defects on
dynamic behavior of cracks [14]. Wang et al. [15] developed a
distinct lattice springmodel to study the stress intensity factor
in crack tips when traversing a manufactured empty hole,
achieving results thatwere in good agreementwith laboratory
experiments. Wu and Wong [16] adopted the numerical
manifold method to investigate the e
ect of microcracks on
the mechanical properties of granite under di
erent loading
rates. 	ey found that the dynamic strength and deforma-
tion properties of granite improved with increasing loading
rate.
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	e dynamic fracture of defective material is mainly
a
ected by three factors: dynamic loading strain rate, inter-
actions between running cracks and the primary crack, and
interactions between running cracks and defects. Studies
on interactions between running cracks and defects typi-
cally focus on cases where the running crack traverses the
defect directly. However, the size of defects in actual engi-
neering materials is o�en small. Running cracks produced
by dynamic fracture of the material generally propagate
areas near the defect, rather than directly traversing it.
	e e
ects of such indirect interactions on the dynamic
properties of materials are worthy of further study.	erefore,
in the present study, a laboratory experiment combined
with dynamic three-point bending and the optical testing
method of caustics is performed. 	e e
ects of defects with
di
erent diameters on the dynamic fracture behavior of
nearby running cracks are studied. A numerical simulation
using extendedFEM is conducted,which provides results that
are in good agreement with the experimental results.

2. Experimental Setup

2.1. Experimental Principle and System. Materials deform
when subjected to stress, becoming thinner under tensile
stress and thicker under compressive stress. For transparent
materials without external stress, vertical incident light is
transmitted directly, leading to a uniform bright area on
the reference plane. Running cracks occurs in structures
under certain loading conditions.Under these conditions, the
optical properties of the stressed area at the crack tip change,
causing vertical incident light to refract. 	e corresponding
area on the reference plane therefore becomes a shaded area.
	is is the basic principle of caustics formation. 	e shaded
area on the reference plane is called the caustic spot, and the
boundary of the caustic spot represents the caustics.

Figure 1 shows a diagram of the caustics at a mode
Ι running crack tip under impact loading. 	e maximum
diameter of caustic spot is �max, which can be used to
characterize the stress �eld of the crack tip, to a certain extent.
	e caustics equation is

�� = � [cos � − 23 sgn (	0
) cos
3�
2 ] ,

� = � [sin � − 23 sgn (	0
) sin
3�
2 ] ,

(1)

where � and � are the polar radius and polar angle of an
arbitrary point near the crack tip in a polar coordinate system,
−� < � < �; 	0 is the distance between the specimen plane
and the reference plane; 
 is the optical stress constant of
specimen material.

Based on the principle of caustics, an experimental system
of digital laser dynamic caustics is designed and set up. 	e
beam path of the system is shown in Figure 2. In the experi-
mental system, the green laser beam froma pump laser device
(DWGD; 300–1500-mW; Beijing Laserwave Optoelectronics
Technology Co., Ltd.) passes through a beam expander. 	e
divergent beam is converged into a parallel beam through
�eld lens 1 and then focused through �eld lens 2 onto

Impact

DＧ；Ｒ

Caustics

Figure 1: Diagram of caustics at a mode Ι crack tip.

a high-speed camera (Fastcam-SA5). 	e impact loading
experiments are carried out in the parallel beam between the
two �eld lenses. Specimen fracture and crack propagation
are recorded by the high-speed camera and then exported
to a computer for later processing. 	e laser device emits a
green laser with excellent optical coherence. 	e maximum

shooting speed of the high-speed camera is 106 fps. In this
experiment, the impact loading is caused by free fall of a 1.2 kg
drop hammer released from a height of 0.5m. Shooting speed
of the high-speed camera is set to 105 fps; thus, the interval
between two successive images is 10 �s.
2.2. Specimen Speci�cations and Parameters. 	e specimen
material is polymethyl methacrylate (PMMA), 200mm ×
50mm × 5mm. 	e dynamic elasticity modulus �d and
dynamic Poisson’s ratio �d of PMMA are 6.1 GPa and 0.31,
respectively. A diagram of the specimen a�er laser cutting is
shown in Figure 3. A vertical 5mm precrack is processed at
the midpoint on the bottom edge of the sample; the upper
endpoint of the precrack is denoted as O. A hole with radius
� is cut in center of the specimen to simulate a defect. 	e
eccentric distance �1 between the le� edge of the defect and
the axis of the specimen is 3mm. 	e vertical distance �2
between O and the center of the defect is 20mm.	e impact
position of the drop hammer is midpoint P of the upper
edge of the sample. 	e distance between the two supports
at bottom of the specimen is 140mm.

Five sets of test specimens are designed for di
erent
values of �: S1 (� = 0mm, without defect, used as a reference
specimen), S2 (� = 2mm), S3 (� = 3mm), S4 (� = 4mm),
and S5 (� = 5mm). Loading conditions and other external
factors are the same during all experiments.

3. Impact Fracture

3.1. Fracture Form. Under impact loading, the running crack
initiates at the endpoint of the precrackO and extends toward
the impact position P. 	e maximum vertical displacement
of the running crack is � = 45mm (the distance between
O and P). 	e crack path of S1 is straight and the cross
section is smooth. In contrast, the fracture forms of the
other four specimens show large di
erences, as shown in
Figure 4. In areas near to the defect, the running crack
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Figure 2: Beam path of the experimental system of digital laser dynamic caustics.
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Figure 3: Diagram of the specimen.

de�ects toward the defect. 	e degree of de�ection is greater
for larger defect diameters. Figure 5 shows the relationship
between de�ecting displacement ℎ and vertical displacement
� (15mm ≤ � ≤ 25mm). 	e de�ecting displacement
ℎ increases gradually as the running crack approaches the
defect, reaching a maximum when vertical displacement
� is 20mm (at the same horizontal position as center of
the defect). When the running crack moves away from the
defect, the de�ecting displacement gradually reduces and the
original propagation path is restored. Maximum values of the
de�ecting displacement ℎ of the �ve specimens are 0mm,
0.96mm, 1.33mm, 1.50mm, and 1.71mm.

3.2. Fracture Process. Under impact loading, stress concen-
tration occurs and a caustic spot is generated at the endpoint
of the precrack O. With accumulation of energy, the caustic
spot becomes larger and the stress intensity factor increases.
When the stress intensity factor reaches the fracture tough-
ness of the material under the loading condition, the running
crack initiates at endpoint O; the crack initiation time at O is
recorded as � = 0 �s. Figure 6 shows caustic photographs of S1
and S5 during crack propagation. 	is �gure shows that the
fracture of specimens is dominated by mode Ι tensile failure.

For S1, the crack path a�er initiation is always straight
and the fracture process is undisturbed. At � = 70 �s, the
running crack propagates to the middle of the specimen.	e
total duration of the running crack propagation is 170 �s.

For S5, � = 40 �s, the caustic spot is tangent to the
defect boundary (position A, as shown in Figure 7). At
� = 50 �s, the right part of the caustic spot appears to
be absorbed by the defect. Subsequently, the area of caustic
spot being “absorbed” increases with further propagation
of the running crack. At the same time, the crack path
de�ects toward the defect. At � = 70 �s, the running crack
propagates to the middle of the specimen, and absorption of
the caustic spot and de�ection of the running crack reach a
maximum (position B, Figure 7). 	en, the running crack
propagates away from the defect, the morphology of the
caustic spot restores gradually, and the crack path straightens
with continuing propagation. At � = 100 �s, the caustic spot
is tangent to the defect again (position C in Figure 7) and the
complete morphology is restored. 	en, the running crack
propagates toward the impact loading position P. 	e total
duration of the propagation is 170 �s.

	us, it can be seen that the intersection of the caustic
spot and the defect is a direct cause of the de�ection of the
running crack, and the degree of de�ection is determined by
the intersection area. According to the principle of caustics,
the caustic spot at the crack tip is actually an area of local
stress concentration that is subjected to tensile stress. Caustics
are the boundary between this caustic spot and other areas
of constant stress. 	e stress concentration area inside the
boundary is relatively balanced and stable with external
constant stress area when the running crack propagates
without obvious disturbances. However, when the caustic
spot intersects a defect, the boundary becomes discontinu-
ous, and the relative equilibrium between the two areas is
broken. 	e strain energy at the crack tip is released into this
discontinuous region, resulting in local stress redistribution.
Macroscopically, this is exhibited as the running crack being
de�ected toward the defect. 	e larger the intersecting area,
the greater the local stress redistribution, and the greater the
de�ection of the running crack toward the defect.

3.3. Stress Distribution. In the present study, extended FEM
is adopted for numerical simulation. 	e maximum cir-
cumferential tensile stress is used as the criterion for crack
initiation and propagation. 	e stress distribution around
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Figure 4: Fracture forms of specimens.
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Figure 5: Relationships between vertical displacement � and de�ecting displacement ℎ of running cracks.

the defect during running crack propagation is analyzed.
Figure 8 shows relative position of the running crack path
and the defect. Figure 10 shows the change of von Mises
stress with calculation time � in the observation area. Because
the material parameters set in the numerical simulation
do not completely correspond to relevant parameters in
the experiment, the running crack propagation time in the
numerical simulation is not exactly the same as that in
the experiment; however, crack path and fracture form are
similar to those in the experiment.

At � = 30 �s, stress concentrations occur at the upper
and lower boundaries of the defect; stress �elds on both
sides of the running crack are approximately symmetrical. At
� = 50 �s, the running crack appears in the observation area,
existence of the defect signi�cantly a
ects stress distribution
in the observation area, and stress concentration around
the defect is intensi�ed. At the same time, stress �elds on
both sides of the running crack become nonsymmetrical and
de�ect to the right of the observation area. At � = 70 �s, the
running crack propagates to the same horizontal position as
the lower boundary of the defect and begins to move toward
the defect; stress concentrations at the upper and lower sides
of the defect are obviously enhanced. At � = 80 �s, the
running crack is clearly de�ected toward the defect; stress

�eld distributions on both sides of the running crack occur in
a clockwise defection and stress concentrations at the upper
and lower boundaries of the defect also turn clockwise. 	is
state remains and continues to be strengthened as the running
crack propagates further. At � = 85 �s, de�ection of the
running crack to the defect reaches a maximum and the
de�ection gradually recovers. At � = 90 �s, the running crack
begins to expand in a straight line (Figure 9).

3.4. Fracture Analysis. Dynamic stress intensity factor is an
important physical quantity that well characterizes the local
stress �eld at crack tip.	e formula of mode Ι dynamic stress
intensity factor [21, 22] is

�d

Ι = 2√2�� (])
3	0�e�
�5/2�max

5/2, (2)

where�d

Ι is the mode Ι dynamic stress intensity factor;�max

is themaximumdiameter of the caustic spot; 	0 is the distance
between the reference plane and the specimen (	0 = 0.9m in
the experiment); �e
 is the e
ective thickness of the specimen
(�e
 = 0.05m); �(]) is the correction factor associated
with crack propagation velocity and the surface wave velocity
of the specimen, in practice (�(]) ≈ 1); 
 is the optical
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Figure 7: Diagram of running crack path near to the defect.
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Figure 8: Crack path based on the numerical simulation of extended
�nite element method.

stress constant of PMMA (
 = 1.08 × 10−10m2/N); � is the
numerical factor (for PMMA, � = 3.02). For a particular

experiment,�d

Ι is determined by�max.
Figure 10 shows the relationship between the dynamic

stress intensity factor �d

Ι and time � for the �ve specimens.
	e caustic spots in S2, S3, S4, and S5 are absorbed in
the vicinity of the defect and the morphologies of these
caustic spots are not complete. 	erefore, �max cannot be
accurately measured, so the dynamic stress intensity factor
cannot be calculated in the period of � = 40–90 �s. According
to the trend of the dynamic stress intensity factor with
time, the change process is divided into three stages: stage
Ι (� = 0–40 �s), stage ΙΙ (� = 40–90 �s), and stage ΙΙΙ
(� > 90 �s). 	e dynamic stress intensity factors of running

cracks in the �ve specimens when initiating at endpoint O of

precracks are 1.22MN⋅m−3/2, 1.21MN⋅m−3/2, 1.26MN⋅m−3/2,
1.24MN⋅m−3/2, and 1.21MN⋅m−3/2. 	us, the mean fracture
toughness of PMMA material under the experimental load-

ing is about 1.23MN⋅m−3/2.
	edynamic stress intensity factor of the running crack in

S1 increases continuously a�er initiation and reaches a peak of

1.66MN⋅m−3/2 at � = 50 �s.	en, the dynamic stress intensity
factor gradually decays until the running crack completely
penetrates the specimen.	e dynamic stress intensity factors
of the other four specimens show signi�cant di
erences; the
existence of the defect has a substantial e
ect on the dynamic
mechanical behavior of nearby running cracks.

In stage Ι, the running crack extends toward the defect.
	e dynamic stress intensity factor of the running crack
clearly increases a�er initiation under impact loading. How-
ever, the dynamic stress intensity factor begins to decrease
when the running crack further propagates to the defect. 	e
time at which the dynamic stress intensity factors of S4 and
S5 start to decrease is about � = 20 �s, but the time for S2 and
S3 is a little later, about � = 30 �s. In this stage, as the diameter
of the defect increases, the e
ect of the defect on the dynamic
stress intensity factor appears earlier.

In stage ΙΙΙ, the running crack propagates away from
the defect. When the running crack begins to propagate
away from the defect, the dynamic stress intensity factor
increases again (except for S2 due to the relatively small diam-
eter that does not produce signi�cant e
ects). In addition,
with increasing defect diameter, the secondary peaks in the
dynamic stress intensity factor increase: in S3, S4, and S5

these are 1.58MN⋅m−3/2, 1.68MN⋅m−3/2, and 1.76MN⋅m−3/2,
respectively. Subsequently, as propagation continues, the
dynamic stress intensity factor gradually decreases until the
running crack reaches the edge of the specimen.

Under the experimental conditions, the dynamic stress
intensity factor of running crack in stage ΙΙ cannot be
obtained by calculation directly. However, it is speculated that
the dynamic stress intensity factor should decrease �rst and
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Figure 9: Change of von Mises stress contour plots with time �.
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Figure 10: Change of dynamic stress intensity factor �d

Ι with time
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then increase (as shown by the dashed line in Figure 10).	is
is consistent with the trend of de�ection of the running crack
in this stage.

In general, defects have signi�cant e
ects on the dynamic
mechanical behavior of nearby running cracks. 	e dynamic
stress intensity factor of running cracks is locally inhibited
when they propagate toward defects; the repressive e
ect
occurs earlier with increasing defect diameter. Defects locally
increase the dynamic stress intensity factor of the running
crack when it propagates away from the defect, and the
promotive e
ect is greater for larger defect diameters.

3.5. Error Analysis. For each specimen, more than 4 repeated
experiments are conducted. 	e experimental phenomena
are repeatable and the experimental results are reliable.
	e measurement accuracy of crack tip displacement is

mainly restricted by the exposure time of the high-speed
camera. However, the moving object continues to move
forward in the limited exposure time, which a
ects the
clarity and the identi�cation of e
ective information, to a
certain extent. 	erefore, the image inpainting technique
of MATLAB, which involves wavelets, denoising, wiener
�ltering, and image restoration, is used to minimize errors
in data processing.

	e dynamic stress intensity factor �d

Ι is related to �max,
z0, and �e
 according to (2), and �(]), �, and 
 are constants.
Calculation error of�d

Ι is

� =
����������
Δ�d

Ι
�d

Ι

����������
= ��������
Δ	0
	0

�������� +
5
2
��������
Δ�max

�max

�������� +
��������
Δ�e�
�e�

�������� , (3)

where Δ	0, Δ�max, and Δ�e
 are errors of 	0, �max, and �e
,
respectively.

	e incident light is not absolutely perpendicular to the
plane of the 	0, which is the main reason for the errors.
Assuming the de�ection angle of incident light is !, then the
error is ��������

Δ	0
Δ	

�������� =
1

cos! − 1. (4)

In the present work, the maximum slant angle of incident
light is !max = 6.8∘; substituting !max into (4), we get
|Δ	0/Δ	|max = 0.7%.

Δ�max is mainly caused by the indistinct pixels on the
speckled caustics border. For the caustics, the speckle has
�max = 8mm, corresponding to 180 pixels; that is, 0.044mm
per pixel. In the experiment, the identi�cation error is no
more than one pixel, so Δ�max is less than 0.044mm.
Accordingly, we have |Δ�max/�max|max = 0.55%.

Δ�e
 is caused by machining errors in the laser cutting;
the maximum value of Δ�e
 is 0.1mm for �e
 = 5mm in
the present work. 	at is, |Δ�e
/�e
|max = 2%. Substituting
the above calculations into (3), we obtain the maximum
calculation error of�d

Ι , �max = 4.08%.	e calculation error is
relatively small, supporting the reliability of our experimental
data.
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4. Discussion

In the present paper, the e
ect of defect diameter � on the
dynamic behavior of running cracks was investigated. 	e
eccentric distance �1 between le� edge of the defect and the
axis of the specimen was set to 3mm. Experiments were
also conducted with di
erent values of the eccentric distance
�1. When �1 ≥ 4mm, it was found that the propagation
path of the running crack is straight and the defect has little
e
ect on the propagation behavior of the running cracks
nearby. However, for �1 ≤ 2mm, the attractive e
ect
of the defect on the running crack is enhanced when the
running crack propagates toward the defect. 	is causes the
running crack to be displacedmore strongly toward the defect
and the running crack passes through the defect directly.
A�er a period of energy accumulation, the running crack
again initiates and propagates from the upper edge of the
defect. 	us, the eccentric distance �1 has a strong in�uence
on the dynamic mechanical behavior of nearby running
cracks and plays a decisive role in the fracture form of the
specimen.

It is concluded that, under similar experimental loading
conditions, the eccentric distance �1 determines size of the
intersection between the caustic spot and the defect, which in
turn a
ects stress release and redistribution of the local stress
�eld around the running crack tip. When �1 is larger, the
caustic spot and the defect never intersect, and the local stress
�eld at the running crack tip is undisturbed and remains
relatively stable. When �1 is smaller, the intersection of the
caustic spot and the defect is larger. 	is results in a large
displacement of the running crack toward the defect, and
the running crack then traverses the defect directly. 	is is
only a preliminary analysis; we intend to conduct rigorous
analysis of in�uence of the eccentric distance �1 on the
dynamic behavior of the running crack in depth in future
studies.

5. Conclusion

	e defect in structure has a signi�cant e
ect on propagation
path of nearby running cracks. When the running crack
propagates near to the defect, it de�ects toward the defect.
	e de�ecting degree is greater for larger defect diameters.
When the running crack propagates away from the defect, the
de�ection displacement gradually reduces and the original
propagation path is restored. 	e intersection between the
caustic spot and the defect is the direct cause of the crack
de�ection. 	e intersection area determines the degree of
de�ection.	e larger the interaction area between the caustic
spot and the defect, the greater the local stress redistribution,
and the stronger the de�ection of the running crack toward
the defect.

Defects have a signi�cant e
ect on the dynamicmechani-
cal behavior of nearby running cracks. Defects locally inhibit
the dynamic stress intensity factor of the running crack
when it propagates toward the defect. 	is repressive e
ect
occurs earlier with increasing defect diameter. 	e defect
locally promotes the dynamic stress intensity factor of the
running crack when it propagates away from the defect,

and the promotive e
ect is stronger with increasing defect
diameter. 	e existence of defects changes the distribution
of the stress �eld. During de�ection of the running crack
toward the defect, the stress concentration around the defect
is strengthened and de�ected clockwise.

Finally, the present study also shows that the defect
diameter� and the eccentric distance �1 are the two variables
that directly determine the e
ect of defects on running
cracks.	e eccentric distance �1 determines the propagation
path shape of the running crack. When �1 is smaller, the
running crack passes through the defect directly. When �1 is
larger, propagation of the running crack is not a
ected by the
defect. When �1 is moderate, the running crack exhibited is
de�ected toward the defect. In this case, the defect diameter
� produces the above-mentioned e
ects on the propagation
path and the dynamicmechanical behavior of nearby running
cracks.

Nomenclature


: Optical stress constant of specimen
�max: Maximum diameter of caustic spot
�1: Eccentric distance
�2: Vertical distance
�e
: E
ective thickness of specimen
�d: Dynamic elasticity modulus
�(]): Correction factor
�: Numerical factor
ℎ: De�ecting displacement of running

crack
�I: Stress intensity factor of the mode Ι

crack

�d

Ι : Dynamic stress intensity factor of the
mode Ι crack

�: Radius of the hole defect
�: Polar radius
�: Vertical displacement of running

crack
�: Propagation time of running crack
	0: Distance between the specimen plane

and the reference plane
!: De�ection angle of incident light
Δ�max: Error of�maxΔ�e
: Error of �e
Δ	0: Error of 	0�: Calculation error of�d

Ι�: Polar angle
�d: Dynamic Poisson’s ratio.
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