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Experimental study on dynamic fracture behavior
of three-point bending beam with double deformity inclusions

Yue Zhongwen Song Yao Han Ruijie

Zhang Wang Guo Chao

(School of Mechanics and Civil Engineering, China University of Mining and Technology, Beijing 100083, China)

Abstract: The dynamic fracture behavior of the three-point
bending beam with double deformity inclusions under impact
loading is studied by using digital high-speed photography in
combination with the
method. The experimental results indicate that the fluctuation
of crack propagation velocity v first increases and then
decreases in the crack propagation process. During the
process of crack propagating into the inclusion area, the

transmission-type dynamic caustic

fracture resistance effect of the circular inclusion is the most
significant and the effects of triangular and square inclusions
are less obvious. The stress intensity factor near the crack tip
increases during the propagation process and reaches its
maximum value when the crack tip is close to the inclusions.
The crack tip’s dynamic stress intensity factor ( DSIF)
decreases when the crack exceeds the middle area of the
double inclusions. These results provide an experimental
basis and scientific foundation to strengthen the evaluation
and fracture analysis of the structure containing deformity
inclusions.
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‘ x T ith the widespread applications of particulate com-

posite materials in engineering projects, the influ-
ence that different deformity inclusions pose on the me-
chanics of fracture in structures has become an important
research subject!'™.
analysis and lifespan prediction to determine the effects
that different inclusions have on primary structure crack
damage, initiation, development and some other mechan-
ical behaviors.

A research approach that combines high-speed photog-
raphy with the caustic method is effective for studying the
dynamic fracture behaviors of both materials and struc-
tures'”’. Manogg" first introduced the caustic method to

It is crucial for structure damage
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®) established a com-

solve the stress singularity. Rosakis
plete theoretical system of dynamic caustics based on
steady crack growth assumption and introduced the ap-
proach for the research of dynamic crack growth. Jajam
et al. """ performed experimental studies on the dynamic
crack growth behavior of specimens containing rigid and
flexible inclusions. Papadopoulos et al. """ studies the
fracture behavior of specimens containing single/double
Yao et al. '™
systematically studied the interaction between multi cracks
of three-point-bend beam specimens by using the multiple
spark high-speed photography system and caustic method.

Gong et al. ' applied the dynamic caustic method to the

inclusions of rubber-PMMA materials.

dynamic fracture research of orthotropic composite mate-
rials. However, the dynamic fracture behaviors of epoxy
resin material containing double inclusions in different
shapes have rarely been studied by the caustic experiments
until now.

This paper utilizes the dynamic caustic method to per-
form dynamic fracture experiments on epoxy resin three-
point bending beam specimens with double PMMA inclu-
sions in shapes of a circle, triangle and square. The ima-
ges of the caustic spots at the crack tips, crack growth ve-
locities and dynamic stress intensity factors ( DSIF) Kf are
obtained during the process of crack development. The
research results can provide an experimental basis for a
strength analysis of structures with deformity inclusions.

1 Experimental Details
1.1 Specimens and material parameters

The epoxy resin specimens with 150 mm x40 mm x5
mm in length x width x thickness containing double PM-
MA inclusions were adopted in the experiments. The
models of each specimen are shown in Fig. 1. The shapes
of the double inclusions are an equilateral triangle with 10
mm in side length, circle with a radius of 5 mm and
square with 10 mm in side length, respectively. The
double inclusions, of which the distance is 30 mm, are
symmetrical in the center of the specimen’s long side. A
pre-existing crack with 5 mm in length and 0.5 mm in
width was perpendicularly situated at the bottom edge of
specimen. Five repetitive tests were conducted for each
type of the specimens. The dynamic mechanical parame-
ters of materials are given in Tab. 1",
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Fig.1 Models of specimens with different inclusions (unit: mm)

Tab.1 The dynamic mechanical parameters of materials %

Material properties Epoxy resin PMMA
E,/GPa 6.4 9.8
ve/(m-s71) 0.32 0.28
le|/(m>-N-1) 0.97 x10°1° 0.85x10°"°
¢;/(m-s7") 2 140 2320
c/(m-s7') 1534 1 260
p/ (kg - m~3) 1170 1 190

1.2 Optical experimental facilities

The dynamic three-point bending experiments were per-
formed by using the low-velocity impact as the loading
mode and the digital laser dynamic caustics experimental
system, which includes a laser transmitter, impact system,
a digital high-speed camera ( Fastcam-SA5-16G, Photron
Company, Japan) and a computer. The schematics of the
experimental setup is shown in Fig.2 and the impact sys-
tem is shown in Fig. 3. In this study, the photograph reso-
lution is 128 x 64 pixels; the frame rate of the high-speed
camera is set to be 3 x 10° frame/s; the pixel-to-length ra-
tio of the images is 1. 8 and laser emission power is
50 mW. Specimens were placed in the impact system, and
the hammer was 1 kg in weight and situated 500 mm away
from the upper surface of specimen perpendicularly.

Laser transmitter

Optical lens

Fig.2 Experimental setup
2 Parameter Calculation of Dynamic Fracture
2.1 Distortion parameter 8 of caustic spot

Caustic spots of specimens have deformed during the
process of the dynamic fracture. Distortion parameter 3 is

Fig.3 Impacting system
introduced for the purpose of revealing the evolution of
the formation of the caustic spot with respect to time and
it can be expressed as

B=dy/d (1)

where d, represents the vertical size of the caustic spot
and d represents the horizontal size of caustic spot ( see
Fig.4). We define the deformity mode as A-mode when
B <1 and B-mode when 8> 1.

Cracking direction

Ay

Caustic curve

dy
Fig.4 Tllustration for d, and d of caustic spots
2.2 Crack propagation velocity v

Crack propagation distance / can be obtained by the po-
sitions of caustic spots at different time. Based on the da-
ta analysis method introduced by Takahashi et al. ""*' | the
nine-order fitting polynomial / is a function of time ¢ and
it can be written as

(1) = ilit" (2)

where [, is the parameter acquired with the least square
method. The crack propagation velocity is obtained by
taking the derivative of /(¢) with respect to .

2.3 Dynamic stress intensity factor K|

This is based on the assumptions that the angular distri-
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bution functions of the stress field of the crack tip are free
from the influence of fiber bundles when they are out of
the crack tip’s K-dominant zone. For linear elasticity and
isotropy materials under plane stress situations, the distri-

bution functions of I-mode crack tip’s stress field o, o,
o, can be expressed as'"”
o, = at cos i( 1 —sin isin 3—0)
A/ 211')’ 2 2 2
K
o, = 2inrcos g(l + sin gsin 370) (3)
0 0 30

Ty = COS ——sin —Ccos —
' 2w 27272

For I-mode crack propagation, the relationship between
the dynamic stress intensity factor K{ and the characteris-

tic size of caustic spot D can be given as'"’

Kd _ 2 A/ 2’11'F(V> Ds/z

= 4
'U3(3.17) zped 4)

where z, represents the distance between the specimen sur-
face and the reference surface, z, =900 mm in this paper;
c is the material stress-optical constant; d, is the effective
thickness of the specimen, d ; =5 mm in this paper; F(v)
is the correction factor of the crack propagation velocity
and it can be expressed as

_ 43132 - +ﬁ§)2
FO =08 (8 -

(5)

longitudinal wave and the shear wave velocity, respec-
tively. When the crack begins to propagate, F(v) is con-
stantly less than 1; otherwise, v=0,F(v) =1.
er, the value of F(v) is always 1 in data processing.

Howev-

3 Experimental Results and Discussion

The caustic spots of double deformity inclusion speci-
mens ( triangle, circle and square) under a low-velocity
impact loading are given in Fig.5.

As shown in Fig. 5,
caustic spots at the crack tips in specimens with three dif-
ferent deformity inclusions are somewhat similar. At the
beginning of the crack initiation, the caustic spots were
suborbicular, since the inclusions were at some distance
from the crack tips and had little influence on the caustic
spots. With the development of the cracks, the horizontal
size of spot distinctly became greater than the vertical and
this differential continuously grew, causing the caustic
spots to show A-mode deformity. When the crack was
passing through the central area of the two inclusions, the
horizontal and vertical sizes steadily became equal and the
caustic spot was changed into a circle from an elliptical
shape. As the crack propagated away from the central ar-
ea, B-mode deformity formed at the caustic spot because
its vertical size was much greater and the shape of the
spot became elliptical once again. This distortion became
much more serious as the crack kept propagating from the
inclusions until the specimen completely ruptured in
the end. The whole procedure of variations developing at

the trends of variations of the

where 8; =1 - (v/c;)?,

i=1,2; ¢, and ¢, represent the

t=0 ps t=18 s t=27 ps t=36 ps
t=45 ps t=54 ps t=63 ps t=72 us t=81 ps
(a)

Fig.5 Dynamic caustics patterns of the specimens with different deformity inclusions. (a) With triangular inclusions; (b) With circular

inclusions; (c¢) With square inclusions
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caustic spots can be separated into four periods. They are
circles, A-mode deformity, ellipticals, and B-mode de-
formity, respectively. Caustic spots are clearly influenced
by the inclusions.

The variations of horizontal size d, vertical size d, and
distortion parameter B against time during the fracture
process of specimens are shown in Fig. 6. B is approxi-
mately equal to 1 at the start of crack initiation and sizes
in horizontal and vertical directions are similar. 8 value
begins to decrease with the development of the crack
growth. Simultaneously, the value appears to have regu-
lar fluctuation, mainly because of the interactions be-
tween stress waves, which are formed around the crack

tips and the reflected wave caused by the edge of speci-
men. The B value of the specimen with triangular inclu-
sions and that with square ones reached the minimum 36
s after crack initiation, while the B value of the speci-
men with circular inclusions took 45 s, which was com-
paratively slower than the others, to reach the minimum
after the initiation. Subsequently, the value of 8 gradual-
ly increased and went over 1 finally. When the crack was
running through the specimen, all the 8 values witnessed
a decrease, which illustrated that the influence that inclu-
sions have on the caustic spots became weaker as the dis-
tance between them increased gradually.
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Fig.6 Curves for the specimens with deformity inclusions. (a) d vs. #; (b) dy vs. t; (c) B vs. t

Fig. 7 shows the variation curves of crack propagation
velocities over time. Generally speaking, these three v-t
curves have similar variation trend. Velocity increased
with fluctuation to the maximum value when the crack ar-
rived at the adjacent area of inclusions ( dashed rectangle
area in Fig. 7). This phenomenon can be explained by
the inclusions being situated beside the cracking path and
the resistance effect being not strong enough to reduce the
propagation velocity significantly. As a result, the veloci-
ty could still reach the maximum value because of the in-
teraction of stress waves near the inclusion area. Howev-
er, as the crack developed away from the inclusions posi-
tions, the velocity began to decline until the propagation
went through the specimen. During this process, the velocity

650
600+
550
2= 500f
. 450F
= 400+
>
350} —a— Square inclusions
—e— Circular inclusions
300 —a— Triangular inclusions
250+
0 20 40 60 80
t/ s
Fig.7 Curves of crack propagation velocity vs. time

of the specimen with circular inclusions is slower than the
others, which can demonstrate that the circular inclusions
have more profound influence on the growing crack while
the effect is weaker in the cases of triangular and square
inclusions. Due to the disturbance from stress waves on
the crack tip, the propagation velocity represents the fea-
ture of fluctuation.

Fig. 8 indicates that the curves of the dynamic stress in-
tensity factor vary with time. Before the crack initiation,
kinetic energy generated by the hammer’s impact loading
was converted into strain energy and accumulated around
the crack tip. The crack began to initiate at the moment
when the stored energy reached the maximum threshold
value. Then the DSIF decreased as a result of the steady

4.01
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Fig. 8
gation cracks vs. time

Evolution of dynamic stress intensity factors of propa-
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release of energy after initiation. 9 s later, variation
trends of three different specimens appeared to fluctuate,
since the resistance of the double inclusions raised the
threshold value of DSIF and K| had to attain a higher lev-
el for crack development. During this process, when ¢ =
36 s, the DSIFs of specimens with square inclusions and
circular inclusions reached the maximum values of 3. 82
and 3.92 MPa - m"”
of the specimen with triangular inclusions reached the
2 at t =45 us, which
was slightly slower than other specimens. The character-

, respectively. However, the DSIF
maximum value of 3.91 MPa - m

istic sizes of the caustic spots kept declining until the
specimen completely ruptured.

4 Conclusions

1) During the process of the specimen’s crack propaga-
tion, the variations of the sizes of caustic spots can be ex-
pressed as follows. Before the crack initiation, the shape
of caustic spots is approximately circle; at the earlier
stage of initiation, caustic spots form A-mode deformity ;
with the crack propagating away from the inclusions,
caustic spots form B-mode deformity.

2) Crack propagation velocity fluctuated increasingly at
first and then decreased. The resistance of double circular
inclusions to crack growth is greater than the others.

3 ) Dynamic stress intensity factor underwent the
process of increasing fluctuation to reach the maximum
values of 3. 82, 3.92 and 3. 91 MPa -
circular and triangular inclusions respectively when the
crack first formed at inclusions’ area, and finally de-
creased with fluctuation until specimen completely rup-

172
m " for square,

tured.

4) A fluctuation phenomenon appears along with the
variations of sizes of caustic spots, crack propagation ve-
locities and DSIFs due to the interaction of stress wave
formed around the crack tip and reflection wave generated
by the bottom surface of the specimen.
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