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Abstract: In this study, the effects of preloaded uniaxial compressive stress and defect (prefabricated
by laser cutting) curvature on blast-induced cracks and stress wave propagation were investigated
in polymethyl methacrylate (PMMA) specimens using caustics theory. Based on the mathematical
relationship between stress and optics, the fracture behavior (the propagation path, dynamic stress
intensity factors (DSIFs), propagation velocity, initiation angle of the main crack, and damage degree
between the defect and the blasthole) was calculated and analyzed quantitatively. The results show
that the preloaded stress could mainly restrain the main crack propagation in the horizontal direction
and reduce the initiation angle and damage degree at the defects. Meanwhile, the crack initiation
position of the positive curvature defect was not at the end of the defect. In addition, the curvature of
the defect significantly affected the blast-induced fracture compared to preloaded stresses. Comparing
the main crack with other curvature defects, the DSIFs, velocity, crack arrest time, crack length, and
horizontal offset distance of the main crack with negative curvature defect were the largest. The
variation in the full stress field in the specimen under blasting and preloaded stress was simulated by
a numerical model. The results show that the curvature of the defect has a significant effect on tensile
waves at the end of defects, and the tensile stress from high to low was C_35, Cp, and Cys, in that order.

Keywords: blast; preloaded compressive stress; defect; crack propagation; stress intensity factors
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1. Introduction

Blasting is a traditional and effective construction method, which is widely used in
tunnelling, mining, and other types of hard rock engineering [1,2]. Since rock or rock-like
materials contain inherent defects (such as holes, joints, and cracks), such defects affect
stress wave propagation, and thereby influence fracture mode and crack propagation in
the materials [3-5]. The shape of the defect, including its length, curvatures, and radius, is
an important factor that directly affects the dynamic fracture [6,7]. Also, as underground
engineering goes deeper, the in situ stresses, often compressive, significantly affect blast-
induced fracture and blasting results. Hence, there is need to study the fracture behavior
of a blast-induced crack under preloaded stress [8-11]. In addition, it is necessary to
investigate how a preloaded static stress and the defect curvature affect blast-induced
fracture of the medium.

Numerous studies of blast-induced fracture in media with defects have been widely
carried out, mainly on the geometric shape and size [12,13], quantity [14], inclination [15],
and characteristics of defects [16]. For example, Li et al. [12] performed the blasting
experiment in a polymethyl methacrylate (PMMA) specimen with double vertical defects.
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The results show that the initiation angle, final propagation length, and initiation time
of the end crack increase with the increase in defect length. Additionally, Zhu et al. [13]
investigated the influence of joint filling material, width, and location on the blast-induced
failure. Atmane et al. [17-21] explored the behavior of stress wave propagation in media
with holes based on a variety of theories. Furthermore, some scholars have carried out
research on arc defects. For example, Ding et al. [22] explored the interaction process
between directional cracks in slotted blasting and three types of open joints (straight,
ellipses and circles), indicating that open joints block the propagation of directional cracks.
Li et al. [23] investigated the influence of the radius of defect curvature on the blast-induced
crack in retained medium. However, the study did not analyze how curvature affected the
end of the defect or how the medium was damaged on the blasting side.

For blasting under preloaded static stress field, many scholars explained that the
preloaded stress affects blast-induced fracture and stress waves [7-9,24,25]. The preloaded
stress could change the stress state around the blasthole, and thereby affect the damage and
crack distribution around the blasthole. In addition, the preloaded stress had a guiding
effect on blast-induced cracks, and the main crack propagated along the direction of the
maximum principal stress [26]. Some studies found that preloaded stress can promote
the propagation of blast-induced cracks parallel to the principal stress and inhibit the
propagation of cracks perpendicular to the principal stress [27]. For the study of media
with defects under preloaded stress, Zhou et al. [28] calculated the tip dynamic coefficient
of a parallel crack under combined preloaded and dynamic stresses, and analyzed the
influence of preloaded stress and crack geometric parameters on the dynamic response
theoretically. Yang et al. [29,30] carried out blasting experiments on PMMA specimens, and
the influence of preloaded stress on the blast-induced crack of the medium with straight
defects was studied. The results show that the preloaded stress affects the crack initiation
and increases the shear failure at the end of the defect.

Numerical analysis is also an effective method to explore the blast-induced fracture
of a medium with defects under preloaded stress and stress waves [31-33]. For example,
Wei [26] carried out a numerical simulation of double-hole blasting in media with defects
under preloaded stress and studied the penetration of blast-induced cracks under different
preloaded stress and defect angles. The results show that the compressive stress prevents
the occurrence of blast-induced cracks, but the defect guides the crack propagation along
the defect. Wang et al. [32] explored the effect of in situ stress and freedom on the fracture
process of medium by the coupling method of LS-DYNA and UDEC. Li et al. [33] performed
a numerical simulation of blasting in a medium with defects and a weak face by LS-DYNA.
It was found that the tensile stress between the blasthole and the defect is maximum when
the lateral pressure coefficient is 1.33. Experimental research on the influence of preloaded
stress and defects on blast-induced fracture is rarely reported in the literature.

As a result of the literature review above, it is noted that most of the blasting studies
under the coupling action of defects and preloaded stress is mostly based on numerical
simulation methods, with no reported study on experimental methods. In addition, most
of the blasting studies focused on linear defects, but there were few studies on bending
defects. In addition, the effects of defects on stress wave and dynamic fracture were rarely
studied from the perspective of preloaded stress and curvature. In this study, the blast-
induced fracture behavior in specimens with arc defects under preloaded compressive
stress was studied by caustics system. The effects of preloaded stress and defect curvature
on propagation of cracks were explored, and the blast-induced damage in each specimen
were analyzed. In addition, the mechanism of a defect crack under different curvatures
was explained. Finally, the stress wave propagation with different curvature defects was
analyzed by LS-DYNA (R 18.0) software.
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2. Experimental System
2.1. Specimen

The caustic method was used and the PMMA was employed in experiments because
of its good mechanical properties and transparency. Therefore, most caustic blasting tests

were conducted on PMMA samples, and cracks can be easily seen in these samples [9,10,14].
Table 1 displays the PMMA parameters.

Table 1. The parameters of PMMA [26,34].

Elastic Poisson’s Ratio/v Optical Velocity of Transverse Velocity of Densitv/
Modulus/Eq4 Constant/c Wave/vg Longitudinal Wave/v, yie
3.595 GPa 0.32 1.08 GPa™! 1090 m/s 2125m/s 117 g/cm®

In Figure 1, the specimen is 315 mm X 285 mm x 6 mm in size, with a central round
hole and a line defect. The defect and a round hole were prefabricated by laser cutting.
The radius of the central round hole is 2 mm and is used as a blasthole. The length of
the prefabricated defect is 50 mm. The primary goal of this research is to explore the
crack propagation behavior of the defect tip, so the distance between the defect tip and the
blasthole is the same, which is 40 mm. Three groups of specimens (group A, group B, and
group C) were designed with defect curvature as variables. The defect curvatures in the
three groups of specimens are —25 m~1,0m~!, and 25 m~!, and were named C.,35, Cp, and
Cys, respectively. Preloaded compressive stress (p; = 0 Mpa or 3 Mpa) was applied on the
lower and upper sides of the specimen. The experimental scheme is shown in Table 2.

285mm
=
[\]
=
= i
2
NS

Blasthole

315mm

STTTT T

Figure 1. Specimen model showing the defects with different curvatures (C.p5, Cy, and Cps) in
the specimen.

Table 2. Experimental scheme design.

Spelc\}:)nens Compressive (MPa) Curvature (m—1) Spe;;:)nens Compressive (MPa) Curvature (m—1)
Al 0 —25 A2 3 —25
Bl 0 0 B2 3 0
C1 0 25 C2 3 25

2.2. Caustic System

The caustic method is an optical mechanics experimental approach that is commonly
utilized in dynamic fracturing produced by blasting and impact [6,7]. The schematic
diagram of the optical measuring equipment in this experiment is shown in Figure 2a [3]. A
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device expander lens 1
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laser with a wavelength of 532 nm was used as a point light source; a beam expander and
a convex lens were used to produce collimated light; the collimated light passed through
the specimen and field lens 2 and finally converged at the camera. The specimen should
be perpendicular to the collimated light. The focused surface of a camera is defined as a
reference plane. The distance Z0 between the specimen’s surface and the reference plane is
1200 mm, which is of critical importance for the measurement of caustics.

Parallel
light

5| Crack

Specimen plane Imaging plane

Loading Reference Field High-speed
device plane lens 2 camera

(a) (b)

Figure 2. The caustic method. (a) A caustic experimental system. (b) Mathematical derivation
diagram [35].

A camera (FASTCAM SA5, Photron, Japan) was used to capture caustic images. This
camera is characterized by a higher shooting rate corresponding to a smaller field of view.
Here, the camera used a post-trigger mode with a frame rate of 140,000 and an exposure
time of 1,000,000.

2.3. Calculation Method of Dynamic Stress Intensity Factors (DSIF) and Crack Velocity

The caustic method is an experimental method that uses geometric optics to convert
image information into clear shadow optical patterns [34]. When an external load is
applied, the sample thickness and the refractive index of the material change near the force
deformation zone, and these changes will change the light propagation direction. When
a bundle of parallel light deviates from the parallel state due to stress changes, a three-
dimensional envelope surface forms in the space, and this envelope surface acts as a caustic
surface. If a reference plane parallel to the plane of the component is placed at a certain
distance from the model, the cross section of the caustic surface can be directly observed.
Within the cross-sectional image, a dark area without light is enclosed. The bright line is
the area of the caustics, and the dark area is the shadow spot. The following references are
from P. Qiu [35], P.S. Theocaris [36], A.J. Rosakis [37] and G.A. Papadopoulos [38].

According to Econal theory, the deflection vector produced by parallel light passing
through the crack tip region can be expressed as Equation (2) [38].

w = —zpgrads(x,y) 1)

where zj is the distance between the reference plane and the specimen; s(x, y) represents a
light surface.
When the light passes through the specimen vertically, Equation (1) can be simplified
to Equation (2).
w = —zpgradAs(x, y) ()

where As(x,y) is the optical path difference caused by light passing through the crack
tip region.
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According to the Maxwell-Neumann principle, the optical path difference can be
)

associated with the stress state of the crack tip [35,37]
(x,y) = cd[(o1 + 02) + &(01 — 02)]

where c is the optical constant; 07 and 0, are the principal stresses. ¢ represents the stress
coefficient of anisotropic materials. The PMMA specimen belongs to isotropic material, so

¢ is 0 for PMMA specimen
According to the Mohr stress circle, 01 + 0 = 0y + Tyy
(x/y) = Cd(O'xx +Uyy) 4)

Considering the crack velocity, the dynamic stress field at the crack tip can be expressed

4oy cos(QS/Z)] 5)

as Equations (5)—(7) [35].
Kd(t) COS(QZ/Z)
Txx = \/1% x By (v) (1 +2af — ) 172 (1+a2) 172
K9 (1) cos(6;/2 4oy cos(6s5/2
Uyy:ﬁx&(v) _<1+“3> r(ll/l2 )+(1+ltx§) r(sl/z | ©
Ké(t) sin(6;/2)  sin(fs/2)
Toy = \/1% X 231(”)“![ 711/2 - rg/Z @
1’16191 =x +iy; = x+iay ®)
1/2 1/2
(1—02/05) s &s = (1_02/05) ©)
(10)

where v, and vs are shown in Table 1
(1+a2)

B(v) =
dogas — (1+a2)?

According to the above equation, the sum of the principal stress can be obtained

d
K{(t)By(v) ( ) cos 19/12/2
(11)

Oxx + Oyy = o

2
:Kf(t (1) (o “S ,/ - Cos (6,/2)

dojoes— l+a¢ )

The corresponding relationship between the position of light deflection P (X, Y) and

(14)

p(x;, y;) on the plane of the specimen can be established
X =rcosb + Cr, /Zcos%el
. (12)
Yy = 18 501:119’ +aCr, 2 gin 3
zoch;i
= — (13)
F(v)V2m
F(v) is the speed adjustment factor, which can be calculated as Equation (14)
(1+a2)?

dogog —
FO) = T

7= af)
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Here, we can find that the initial curve of the caustic is

3 2/5
ro= <2CR> (15)
1 1 1/2
R:§<1—oclz> C055291+2{(1_“12) C0552(91+4“12} (16)

By substituting Equation (15) into Equation (12), the caustic curve of the theory can be
obtained.
X = (%CR)2/5 {R2/5 cos ) + 3R3/5 cos 379’]
(17)
Y = (3CR)*°[BZ sing) + JayR 3/ sin .|
The caustic spot of type I is symmetrical along the crack propagation direction, and
the Dmax can only be obtained by deriving the 6; from Equation (17). Therefore, the DSIF
can be calculated according to the caustics size, and the calculation method is shown in

Equation (18) [18,22,25,29].
2v/27F(v)

_ 5/2
Ky = 3g5/220Cdeff Dmax (18)
where K is DSIF; g is the DSIF coefficient, which is 3.17; Dmax is the maximum diameter of
the caustics; d,y is the specimen’s thickness.

The position of the spot at any time can be obtained from the caustics picture, and the
center of the spot is roughly the position of the crack tip. Therefore, the crack velocity calcu-
lated by the adjacent images is taken as the instantaneous velocity. The crack instantaneous
velocity is calculated as:

Al Al
Uy R A vy R E,v = (v% + v§> (19)

where Aly and Aly are the horizontal and vertical displacement differences; vx and vy are
the horizontal and vertical velocities. At is the time between the two consecutive caustic
photos, which is 7.14 us in this study. v is crack velocity.

2.4. Loading System

As shown in Figure 3, preloaded compressive stress and dynamic load are applied by
the loading system [34]. The jack was placed between the moving support and the reaction
force frame. The compressive stress was imparted to the specimen by pushing down the
moving support. A stress sensor with an accuracy of 0.1 kg and a range of 5 t was placed
between the jack and the reaction shelf to measure the preloaded stress applied to the
specimen, considering the self-weight of the jack and the moving bearing. The specimen
was put into a card slot to prevent out-of-plane deformation. At the same time, lubricating
oil was used around the specimen to reduce friction, making it easy for the specimen to
move up and down. Coupling charge is used in the study. The self-designed drug pack
(lead azide) was put into the blasthole fixed by the fixture to realize dynamic loading.
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Figure 3. The loading system. The system includes a reaction force frame, a stress sensor, a jack, a
moving support, a card slot, and a fixture.

3. Experimental Results
3.1. The Crack at the End of Defects

Figure 4 shows the distribution of blast-induced cracks in specimens with different
curvature defects under different compressive stresses. Except for group C, there was a
long blast-induced crack at the end of the defect in group A and group B. There was no
crack at the end of the defect in specimen C1, but blast-induced cracks occurred in the
non-end position in specimen C2. In this experiment, the crack at the end of the defect was
defined as the main crack, and one main crack in each group of specimens was selected
as the research object. Furthermore, the Cartesian coordinate system was built, taking the
manufactured defect’s end as the origin, as shown in Figure 4. The lengths of the crack
tips in the x and y directions were measured, and the maximum offset distance of the main
crack and crack initiation position in the x direction were also recorded, as shown in Table 3.

P ,=()M pa

a2

p——

SNl

P=3Mpa o ? Pp1=3Mpa p1=3Mpa

Figure 4. Specimens after blasting. O is the end position of the defect. The green line represents the
maximum offset distance of the crack. The specimens (A1, B1, C1) were not subjected to static stress.
The specimens (A2, B2, C2) were subjected to 3 Mpa stress (Blue arrow).
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Table 3. Crack propagation length and initiation position.
Specimens Length-x Length-y Maximum Crack Initiation
No. /mm /mm Offset-x/mm Position-x/mm
Al 16.7 68.0 19.9 0
A2 43 66.9 8.6 0
Bl 10.3 58.8 15.3 0
B2 1.3 62.7 5.4 0
C1 0 0 0 0
C2-1 25 32.6 2.5 1.8
C2-2 3.9 19.9 3.9 1.8

In group A, the maximum offset distance of the main crack in specimen A2 (8.6 mm) is
less than that in specimen A1 (19.9 mm), and the offset distance of the crack tip in specimen
A2 (4.3 mm) is less than that in specimen Al (16.7 mm). The crack path in group B is
similar to that in group A. The maximum offset distances of the main cracks in specimens
B1 and B2 were 15.3 mm and 5.4 mm, respectively. The offset distances of the crack tip in
specimens Al and A2 were 10.3 mm and 1.3 mm, respectively. There was no main crack in
specimen C1, so the main cracks in specimens C1 and C2 were no longer compared. The
results show that the compressive stress can significantly restrain the propagation of the
main crack in the horizontal direction. At the same time, it is found that for the specimens
with the same curvature, the coincidence degree of the explosive crack propagation path is
higher in the first half. The horizontal distance between the two cracks increases with the
increase in the propagation length, showing that the preloaded stress has little effect on
blast-induced crack propagation in the early stage, but the influence of preloaded stress on
crack propagation increases gradually with the dissipation of energy.

Comparing the y direction length in the same group of specimens, the y direction
length in specimen B1 is slightly larger than that in specimen B2. However, for the two
specimens in group A, the crack lengths in the y direction are close to each other, being
68 mm and 66.9 mm, respectively. The findings demonstrate that the preloaded stress has
little influence on the crack in the y direction. By observing the morphology of the main
cracks in specimens A2 and B2, it is found that the crack path is not straight (bending
path) under the boundary-reflected wave. Previous studies show that the influence of
preloaded stress on crack propagation depends on its propagation direction [27]. Therefore,
the preloaded compressive stress affects the final crack length by its propagation path.

To explore the effect of curvature on the main crack propagation under preloaded
stress, specimens A2, B2, and C2 were selected for comparison. The maximum offset
distances in the three groups of specimens were 8.6 mm, 5.4 mm, and 2.5 mm (3.9mm),
respectively. Moreover, the crack lengths in the y direction were 66.9 mm, 62.7 mm,
and 32.6 mm (19.9 mm), respectively. The results indicate that curvature of the defect
significantly affects the crack propagation in the horizontal and vertical direction, that is,
specimen A2 (C_5) > specimen B2 (Cy) > specimen C2 (Cy5). The crack initiation position in
group A and group B was at the end of the defect, but the initiation position in specimen C2
is on the arc defect, which is 1.8 mm away from the end. This indicates that the curvature
of defects affects the initiation position of the main crack, and the end of the defect is no
longer easy to crack when the curvature of the defect is positive (Cy5). The phenomenon
will be further explored in Section 4.

3.1.1. Caustics Picture

Figure 5 shows the dynamic caustic process in specimens with different curvature
defects under preloaded stress, and the blast-induced fracture behavior is visualized. The
propagation of the stress wave can be viewed by changing the light and dark stripes in the
caustics. To explore the influence of preloaded compressive stress on crack propagation
at the end of defects, this study only takes group B specimens (B1 and B2) as examples.
Meanwhile, the effects of different curvatures on crack propagation under preloaded stress
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are compared and analyzed by taking specimens A2, B2, and C2 as examples. Therefore,
only caustics images of specimens A2, B1, B2, and C2 were exhibited in this study. From
the caustics picture at t = 0 us, the other three specimens produce compressed caustic
spots at the end of the defect, except specimen Bl. When stress waves met defects, the
propagation direction of the stress wave changed and diffraction occurred along the end of
the defect, and the blast-induced crack occurred and propagated rapidly. The caustic spots
also represent the energy of the crack tip. The caustic spots in each group of specimens are
mainly mode [, indicating that the fracture is mainly controlled by tensile stress. Meanwhile,
at about 100 ps and 128 ps, the crack tip met the reflected wave, which would change the
spot shape, size, and crack path. In the later stage of blasting, the caustic spots became
smaller gradually, and finally, the crack stopped.

BI1 BI1
K. Blasting
Reflected | Reflected s
4 gas
/ Wave =5 wa\'c\:
e )

Caustics
spot

)
I

£
1
1

|

1

1

1

=0us =2856us =4998us  (=714ps = 99.96 us =128.52 ps =2142 s =257.04 us

(a)

=0pus (=2856us =4998pus =Tl4ps =99.96 us (=128.52us =192.78 us 1=242.76 ps

(b)
_

=0 ps (=2856 ps  (=4284us =7l4us  =9996us =128.52pus =2142pus =271.32ps

Defect under
prestress

Defect €

Caustics
spot

Defect Csg

=0 ps =357us  =6426us =7854pus =92.82pus  =107.1 us =471.24 us 1=235.62 ps
(d)

Figure 5. Caustics picture in blasting. (a) Specimen B1 (Cy, p1 = 0 Mpa); (b) specimen B2 (Cp,
p1 =3 Mpa); (c) specimen A2 (C_»5, p1 = 3 Mpa); (d) specimen C2 (Cys, p1 = 3 Mpa).
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3.1.2. The DSIFs at Crack Tip

As shown in Figure 6, the curve of the DSIF in group B with time was drawn. The
DSIFs of the two specimens decreased at first and then increased at the crack initiation
stage. Then, the DSIFs decreased continuously with the continuous propagation of the
crack. Between 100 us and 128 us, the crack met the first reflected stress wave, so the
DSIFs increased sharply and then decreased. The two curves are relatively close, indicating
that the preloaded stress has little influence on the DSIFs. The comparison of the curves
in specimens Bl and B2 shows that the DSIFs in specimen B1 are larger than those in
specimen B2 before the reflected waves (including the initiation stage). However, the
DSIFs in specimen B2 are larger than those in specimen B1 in the later stage. The results
suggest that the preloaded compressive stress can reduce the DSIFs in the early stage and
promote the DSIFs with blast-induced stress wave attenuation. The propagation of the
crack is towards the compressive stress direction. This phenomenon explains why the crack
propagation is longer or shorter under preloaded stress. The influence of preloaded stress
on the crack propagation depends on the crack direction. The angle between preloaded
stress and crack propagation determines the ratio of inhibition or promotion, and affects
the final crack length. Although the preloaded stress is parallel to the crack propagation
direction, the DSIFs in specimen B2 are less than those in specimen B1 in the early stage
(50-100 ps). From this phenomenon, it can be inferred that the DSIFs at crack initiation has
a significant impact on the DSIFs in propagation due to the inertia effect, and the preloaded
stress also has a lag effect on the blast-induced fracture.

1.5F

—a—Bl
——B2
1.2+

09

0.6

Reflected
0.0+ wave

Stress intensity factor K;%MPa-m'”)

0 50 100 150 200 250
Time / ps

Figure 6. The DSIFs in group B with time. The grey part is the stage when the reflected wave meets
the crack.

To study the effect of curvature on the DSIFs under preloaded stress, the curve of
the DSIFs in specimens A2, B2, and C2 with time was drawn, as shown in Figure 7. The
figure shows that the changing trend of DSIFs at the crack tip in each specimen is similar to
that in group B. Except during the action of reflected waves, the DSIFs in each specimen
from large to small are specimen A2, specimen B2, and specimen C2, indicating that the
curvature of the defect significantly affects the DSIFs of the crack tip. According to the
experimental results, it can be inferred that the DSIFs in the specimen with a negative
curvature defect are larger than those in the specimen with a positive curvature defect.
Because the main crack propagation length is different when it encounters the reflected
wave in the specimen with different curvature defect, the DSIFs is also different. The
slope of the DSIFs curve is defined as the crack tip loading rate [39]. In the attenuation
stage, after crack initiation, the crack tip loading rates in specimens A2, B2, and C2 are
—2.0 x 10* MPa-m!/2.s71, 1.3 x 10* MPa-m!/?s1, and —1.1 x 10* MPa-m!/2:s71, re-
spectively. The findings indicate that the curvature of the defect affects the attenuation rate
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of the DSIFs. The attenuation rates from large to small are specimen A2 (C_»5), specimen B2
(Co), and specimen C2 (Cys).

1.5F kpr= -2.0x 10* MPa-m"2-s! A
§ BZ:—].3><|04 MPa-m'2-s-! —*— B2
g 12F ko= -1.1x10* MPa-m'?-s"! —Aa 2
£
=
<209 F
>
e
£ 061
2
503}
E
2
[}
Zo00f | | | | |
0 50 100 150 200 250

Time / ps
Figure 7. The DSIFs in specimens with different curvature vs. time.

3.1.3. Crack Propagation Velocity

Figure 8 shows that the horizontal velocity vy and vertical velocity vy change with
time in group B. The horizontal velocity vy affects the crack offset. In the two specimens,
the horizontal velocity vy oscillates up and down along the zero axis. The curves of the two
specimens are similar in the early stage, but different in the later stage. This is because the
crack propagation direction is mainly controlled by stress waves, but the preloaded stress
also affects the crack propagation, and the proportion becomes larger and larger with time.
In the initial stage, the cracks in specimens B1 and B2 propagated along the negative x axis.
At 28.56 s, the horizontal velocities of the two specimens reached the extreme values of
89.9m-s~! and —105.3 m-s~!, respectively. The crack continued to propagate along the x
positive axis, and the vy in specimen B2 reached the maximum more quickly than that of
specimen B1. As can be seen from Figure 8a, when vy is greater than 0, the area of the Bl
curve is larger than that of specimen B2. This explains why the main crack in specimen
B1 is more offset than that in specimen B2, as can be observed in Figure 4. Meanwhile,
comparing the maximum peak velocity and curve area of specimen B1, the maximum
peak velocity and curve area of specimen B2 are smaller, indicating that the preloaded
compressive stress significantly suppresses the crack velocity in horizontal direction, and
the pattern of the main crack in Figure 4 is further explained.

The vertical velocity vy occupies the main position in the total crack propagation
velocity. The change law of vertical velocity vy in group B is comparable to that of DSIFs
(Figure 6), as shown in Figure 8b. At the same time, the vy curves of the two specimens are
similar. In the initial stage, the vy in specimen B1 and B2 increased rapidly to the maximum,
which was 396.5 m-s~! and 356.3 m-s~!, respectively, indicating that preloaded stresses
suppress the vy. However, in the later stage, the vy in specimen Bl is less than that in
specimen B2, indicating that the preloaded stress promotes the vy. This is because the angle
between the preloaded stress and the crack propagation direction is different. At crack
initiation, the preloaded stress is perpendicular to the crack direction. In the later stage,
the preloaded stress is parallel to the crack propagation direction. With time, the effect of
preloaded stress on cracks becomes more obvious. In addition, the crack initiation velocity
also affects the whole process of crack propagation.
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Figure 8. Horizontal and vertical velocities of main cracks in specimens Bl and B2 vs. time.
(a) Horizontal speed. The red area represents the range of Bl curve and the yellow area repre-
sents the range of B2 curve of specimen. (b) Vertical velocity. The red area represents the range where
the B1 curve is higher than the B2 curve; the yellow area represents the range where the Bl curve is
lower than the B2 curve.

Figure 9 shows the curve of the crack velocity in specimens A2, B2, and C2 with
time. The initial velocities in the three groups of specimens were 432.6 m-s 1, 159.1 m-s~ !,
and 117.5 m-s~!, respectively. In Figure 9, the crack velocity oscillated with time, and the
velocity oscillation trend was similar in all three specimens. Finally, the blast-induced cracks
in specimens stopped at 264.2 ps, 242.8 us, and 228.5 us, respectively, indicating that the
defect curvature can significantly affect the crack arrest time. The main crack propagation
time at negative curvature defects is longer than that at positive curvature defects. From
the overall data curve, the specimens with the main crack velocity arranged from large
to small are A2, B2, and C2, indicating that the defect curvature can significantly affect
the main crack velocity, and the negative curvature defect is more beneficial to the main
crack propagation than the positive curvature defect. The crack velocity and time affect the
crack length. The results also verify the difference of crack length among specimens A2, B2,
and C2.
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Figure 9. Crack propagation velocity at defects with different curvature.
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3.1.4. Crack Initiation Angle

The main crack occurred at the end of the defect under blast-induced stress wave. As
shown in Figure 10a, the angle between the end of the defect and the main crack was defined
as the main crack initiation angle. In Figure 10a, the main crack at the right end of the defect
in groups A and B was analyzed. There was no main crack in specimen C1, so the main
crack at both ends of the defect was shown in specimen C2. The initiation angles of cracks
C2-1 and C2-2 were about the same, which verified the repeatability of the experiment and
the accuracy of the initiation angle. In the specimens with negative curvature defects, the
initiation angle in specimen A1 (75.7°) was larger than that in specimen A2 (70.7°). In the
defect with zero curvature, the initiation angle in specimen B1 (102.2°) was larger than
that in specimen B2 (96.8°). The findings demonstrate that the preloaded stress reduces
the initiation angle of the crack for specimens with negative or zero curvature defects. The
compressive stress has less influence on the initiation angle, but the curvature has a great
influence on the initiation angle. The initiation angle with negative curvature is smaller
than that with zero curvature. For group C (the curvature is positive), the compressive
stress promoted the occurrence of cracks in the defects, and the crack initiation position was
not at the end of the defect. This is an interesting phenomenon, and it is further explained
in the numerical analysis.

96.6° ‘ .’ 97.0°
- By o £

-

-

3
S

[

(@

Figure 10. Local pictures of blast-induced cracks in each group of specimens. (a) The angle of crack
initiation. (b) Crack distribution between blastholes and defects. The blue arrow represents the static
stress and the orange polygon represents the blasting load.

3.2. Blast-Induced Damage Analysis

Figure 10b depicted the distribution of cracks between the defects and the blasthole.
The damage degree of the specimen could be measured by the number and distribution of
cracks. The crack distribution between the defect and the blasthole is mainly composed
of two parts. One part is the ‘defect crack’ caused by reflected waves of the defect, and
the other is the ‘radial crack’ caused by blast-induced stress wave. In Figure 10b, the
defect crack on the defect was characterized by a yellow line, and the radial crack was
characterized by a red line. At the same time, the furthest distance between yellow lines
is defined as the distribution length of defect cracks. In the Figure 10b, most of the defect
cracks were perpendicular to the defects, and most of the extension lines of the radial
cracks passed through the blasthole. This is because blast-induced stress waves spread
outward in a circle along the blasthole, forming radial cracks. The reflected tensile wave
is formed when the blast-induced wave encounters defects, and reflection tensile cracks
are further formed. Compared with the cracks in the same group of specimens, it was
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known that the number and distribution length of defect cracks in specimens Al, B1, and
C1 are larger than those in specimens A2, B2, and C2, indicating that compressive stress can
reduce the damage degree of defects. However, the number of radial cracks in specimens
Al, Bl, and C1 is less than that in specimens A2, B2 and C2, indicating that preloaded
stress can increase the number of radial cracks. This is because the area between the defect
and the blasthole is parallel to the preloaded stress, and the preloaded stress changes
the stress distribution around the blasthole and promotes the generation of radial cracks
parallel to the compressive stress. Comparing cracks at different curvature defects, the
curvature of the defect significantly affected the number and distribution length of the
defect crack, and the order from small to large was specimens A2, B2, and C2 in that order.
The biggest number of radial cracks were found in specimen B2, followed by specimen C2,
and the smallest number were found in specimen A2. In addition, the specimens without
compressive stress had the same law as the specimens under compressive stress. This is
because the reflected wave at the defect affects the generation and propagation of defect
cracks. This phenomenon would be further explored in the following research work.

3.3. The Defect Crack Initiation Mechanism

The blast-induced stress wave followed the ‘Huygens principle’ in the propagation [40].
Every point at which shock waves reached is the source of secondary waves, which traveled
at the speed and frequency of the primary wave. The new wavefront was the envelope of
these secondary waves. When waves encountered obstacles in the propagation, phenomena
such as reflection, incidence, and interference would occur, resulting in new forms of
propagation. A schematic diagram of waves encountering defects of different curvature
was shown in Figure 11. The front end of the blast-induced stress wave was mainly a
compression wave. As shown with the red curve in Figure 11, a reflected tensile wave
was formed when the compressive wave met the free surface, resulting in a tensile crack.
As the figure illustrates, the blast-induced stress wave met the defect for the first time
at t = tp; at t = 13, reflected waves had been formed at the defect. The curvature of the
defect affected the direction and range of reflected wave propagation. In At = t3 — t5, the
range of reflected waves formed at different curvature defects from large to small were the
specimens with C.p5, Cp, and Cp5. Meanwhile, different curvatures also affected the angle
of propagation direction between incident and reflected waves, and further affected the
amplitude of stress wave in superposition. This also explains why the curvature of the
defect significantly affects the number and distribution length of the defect crack.

> Defect Theyopagation direction of reflected wayg
t
~Y ‘ - " MToN” po= ==

0 i L
e propagation direction (c) Defect curvature Cys
of incident wave s i

Figure 11. Stress wave propagation at different curvature defects. Red lines represent reflected waves;
thick black lines represent defects.
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4. Numerical Simulation
4.1. Numerical Model

In this section, the propagation process of blast-induced stress waves at different
curvature defects under compressive stress was further studied. The commercial software
ANSYS/LS-DYNA (R 18.0) was used to simulate detonation and stress wave propagation.
The dimensions, material parameters, and boundary conditions of the numerical model
are the same as those of the above experimental specimens. According to the curvature
and boundary conditions of each model, the models were named as C_5-0Mpa, Cyp-OMpa,
C25-0Mpa, C_5-3Mpa, Cp-3Mpa, and Cy5-3Mpa. The accuracy of the numerical simulation
method and parameters had been verified by blasting experiments [3,41]. The model
utilized a single-layer solid grid with a mesh size of 1 mm. The local grids at the defects
and blastholes of group B model specimens are shown in Figure 12. The Lagrangian—Euler
fluid-solid coupling algorithm was used for specimens, explosives, and air. The grid nodes
of explosive and air are shared, and the specimen and air are coupled with each other.
For the model under preloaded static stress, the static analysis was carried out first, and
then the display dynamic calculation. In Table 1, the material properties of PMMA were
displayed. The elastic-plastic model was used in the specimen without considering the
damage. The density of air is 1.29 x 103 g/cm>. The lead azide was selected for the
explosive, and the JWL equation of state (Equation (4)) is used to simulate the detonation
pressure P [42].

P=A;(1-w/RV)e ®V 4 Bj(1—w/RyV)e RV + wEy/V (20)

where Ej is specific internal energy; V is the volume of detonation products, and the
parameters of JWL equation are Aj, B}, Ry, Ry, and w. Table 4 displays the required
parameters of the explosive and its JWL equation.

Explosive~————

Figure 12. Grid of partial model. This is a group B grid model. The mesh size is 1 mm.

Table 4. Parameters of equation of explosives and the JWL.

Detonation
Velocity (m/s)

2.56 4478 436.3 26.46 5.68 2.01 0.697

Density pg(g/cm?3) Ay (GPa) By (GPa) Ry R, w

4.2. Numerical Analysis Results

Figure 13 showed the compressive stress distribution of the specimens with defects
under the pressure of 3 Mpa, that is, the compressive stress diagram at ¢ = 0 pus. Tensile
stress has a negative value while compressive stress has a positive value. Under the action
of uniaxial pressure, the compressive stress concentration zone was produced at the end of
the defect, and the tension concentration zone was produced in the middle of the defect
and on the lower and upper sides of the blastholes. The curvature of defects affected the
shape and size of the stress concentration zone, and further affected the crack initiation
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and propagation. The preloaded stress changed the stress state around the blasthole and
further changed the crack initiation and radial crack distribution of the blasthole.

Pressure Pressure Pressure
1.0e-04 1.0e-04
1
Defect C 5 :ﬁ;‘ Defect C; :ﬂ:: Defect Cys :ﬂz\l
5.1e-05 5.1e-05 _ 5.4e-05 _
3.5e05 _ 3.5€-05 _ 3.7e05 _
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C—25 CO CZS

Figure 13. The compressive stress distribution of the specimen under 3 Mpa. Blue represents
compressive stress; red represents tensile stress.

As seen in Figure 14, different curvatures had an impact on how the blast-induced
stress wave propagated. The evolution process of the stress wave in specimens with
defects can be clearly observed from Figure 14, and the results can improve the analysis of
blast-induced fracture mechanism in specimens with defects. The evolution time of the
stress wave in the numerical simulation is consistent with the experimental results of the
caustics, further demonstrating the viability of the numerical method. After initiation, the
propagation direction of the blast-induced wave changed when a defect was encountered,
forming a reflected wave. Att = 18.7 s, stress waves diffracted at the end of defects, and
the stress concentration zone occurred at the end and the whole surface of the defect. This
is the main reason for the formation of main cracks and defect cracks. It can be seen from
the picture that the curvature of the defect affects the shape and size of the reflected wave
at the defect, and the result is consistent with the theoretical diagram analysis in Section 3.3.
This is also the main reason why different curvatures affect defect cracks and radial cracks.
The blast-induced stress wave formed a reflected tensile wave at the boundary, which
further affected the propagation of the main crack.
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Figure 14. Mises stress diagram of stress wave propagation under compressive stress.
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To further explore the reasons for the difference of the main crack of each specimen,
the maximum principal stress of the monitoring point at the defect end was extracted and
analyzed from the point of view of stress wave, as shown in Figure 15. The stress of the
monitoring point at the end of the defect was affected by the curvature. In the models
C.p5 and Cy, there was a large tensile stress at the end of the defects under stress waves.
However, the blast-induced stress wave had little effect on the defects of Cy5. Therefore,
there was a main crack at the defect end of C_»5 and C, but there was no main crack at the
defect end of Cys. In addition, the maximum principal stress of the C_»5 monitoring point is
the largest, while that of the Cy5 monitoring point is the smallest. This indicates that the
smaller the curvature of the defect, the higher the tensile stress of the monitoring point,
and the easier it is for cracks to initiate and propagate at the end of the defect. According
to the caustic spots and the tensile stress at the end of the defect, the main crack is mainly
caused by tensile failure. When the tensile stress exceeds its tensile strength, the end of the
defect begins to fracture.
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Figure 15. Maximum principal stress at the end of the defect with time. The stress curve of 0-80 us is
shown in blasting.

The influence of compressive stress on the end of the defect with different curvatures
was different before the action of the blast-induced stress wave. In model C_5, the com-
pressive stress significantly increased the tensile stress of the monitoring point, while in
model Cy, the compressive stress had little effect on the monitoring point. In model Cps,
the preloaded stress could increase compressive stresses at the monitoring point. During
the stress wave, the preloaded stress increased tensile stresses at the monitoring point in
model C_»5, but reduced the tensile stress of the monitoring point in model Cy. In addition,
the preloaded stress increased the compressive stress of the monitoring point in model Cps.
This explains why the DSIFs of the B2 specimen are smaller than those of the Bl specimen
in the crack initiation stage. The findings demonstrate that compressive stress can promote
the crack initiation of defects with curvatures of —25 m~!, but inhibit the crack initiation of
defects with curvatures of 0 m ! and 25 m~!. However, compared with the stress wave,
the influence of compressive stress is smaller.

To analyze the reason why the crack initiation position in specimen C2 was not at the
end of the defect, the maximum principal stresses at three monitoring points (a, b, and c) in
the model Cy5-3Mpa were extracted (Figure 16). The three points (a, b, and c) were on the
defect which is 0 mm, 1 mm, and 2 mm away from the end of the defect. The maximum
tensile stress was not at the end of the defect. When the tensile stress at a certain point
reached the tensile strength of the PMMA specimen, the point was fractured. The main
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reason for the result is the reflected tensile wave on the upper surface of the defect and the
diffraction of the explosive stress wave at the end of the defect.

60

Maximum principal stress / Mpa

20 A I A 1 . I A
0 20 40 60 80

Time / ps
Figure 16. Maximum principal stress of model Cp5-3Mpa at monitoring point a—c.

5. Application and Discussion

The scope of this study is limited to the model experiments with uniaxial preloaded
condition. There are various shapes of joints in rock mass, and three representative shapes
are selected in this paper. The blast-induced fracture was significantly influenced by the
curvature of defect. For example, Li et al. [23] studied the effect of defect curvature radius
on the blast-induced crack, but the influence of curvature on the main crack at the end of
the defect was not analyzed, and the preloaded stress was not considered. In addition,
on this basis, the influence of the curvature on the damage between the blasthole and the
defect was also explored in this study. In deep engineering blasting, the influence of defect
curvature on blast-induced fracture is more worthy of attention than that of compressive
stress. For the rock mass with negative curvature defects, the damage area on the blasting
side is relatively small, and the charge can be increased accordingly to increase the crushing
effect. For rock mass with positive curvature defects, it is the opposite.

In the presplitting blasting, if possible, it is suggested that contour hole blasting should
be used to form the defect contour to reduce the damage for the retained medium. In
addition, the contour hole net should be arranged according to the shape of a positive
curvature rather than a negative curvature. The design can improve the fragmentation of
rock. In bench blasting, a bench contour with a positive curvature free surface can also
promote the blasting effect. Therefore, the arrangement of a curved (positive curvature)
hole net is also helpful to improve the blasting effect.

6. Conclusions

In this study, the blast-induced crack behavior and stress wave propagation of media
with different curvature defects under preloaded stress were studied by experimental and
numerical methods. The main conclusions are as follows:

(1) The blast-induced wave promoted the initiation of the crack at the end of the defect
and controlled the direction of crack propagation. At the same time, the reflected
wave could increase the crack velocity and DSIFs. The preloaded stress could mainly
restrain the crack propagation in the horizontal direction, and the effect of preloaded
stress was more significant with time. The effects of preloaded stress on the ends of
defects with different curvature were different. In the early stage, the compressive
stress could promote the fracture at the end of the defect with curvature of —25 m~1,
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but inhibit the fracture at the end of the defect with curvature of 0om~! and 25 m~1. In
the later stage of blasting, preloaded compressive stresses promoted the propagation
of the main crack. Meanwhile, compressive stress could reduce the crack initiation
angle and damage degree at the defects, but increase the number of radial cracks
between the blasthole and the defect. For specimens C_p5 and Cy, the preloaded stress
reduced the crack initiation angle by 5° and 5.4°, and reduced two and one defect
cracks, respectively. For specimen Cys, the preloaded stress reduced two defect cracks.

(2) The defect curvature significantly affected the main crack propagation. The blast-
induced wave changed the tensile stress at the end of the defect with different cur-
vature, and then affected the DSIFs, crack propagation velocity, and crack initiation
angle at the end of the defect with different curvature. The smaller the curvature
of the defect, the higher the tensile stress of the monitoring point, and the easier
it is for cracks to initiate and propagate. Compared with the main crack with zero
curvature defect, the DSIFs, velocity, crack arrest time, crack length, and horizontal
offset distance of the main crack with negative curvature defect were larger. The
initiation angle of the main crack with a negative curvature defect was smaller than
that with zero curvature defect. However, the end of the positive curvature defect did
not crack. In addition, the curvatures of the defect affected the damage of the defect,
which from low to high were C_5, Cy and Cys.

(38) The curvature of the defect has a greater effect on the initiation angle of the main
crack, the crack propagation length, the crack velocity, the DSIFs, and the damage
degree of the defect compared to preloaded static stress.
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