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Abstract The principles of fracture development during underwater blasting are examined based on explosion and impact

dynamics, fluid dynamics, fracture dynamics, and field testing. The research reveals that the fracturing of the surrounding

rock during underwater blasting is due to the combined action of shock and stress waves for the initial rock breakage and

subsequent water expansion. The fracture development model for the surrounding rock of a drilling hole during underwater

blasting is established. The rock fracturing range under the combined action of shock and stress waves is developed, as well

as the fracture propagation rules after the wedging of the water medium into the fractures. Finally, the results of deep-hole

underwater blasting tests on large rocks confirm the efficient utilization of explosive in the hole to improve the safety

conditions. Accordingly, safe and static rock breaking under the detonation of high-effect explosive can be achieved. In

addition, super-dynamic loading from the explosions and static loading from the water medium in the hole can be

adequately combined for rock breaking.
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1 Introduction

Traditional blasting technology consists of drilling and

underwater blasting that uses a static water medium to

replace the air medium in rock holes to enhance the wave

impedance for explosive media. This reduces losses in the

blasting energy, increases the utilization ratio of the limited

explosive charge in the hole, reduces the explosive charge

per unit volume in the hole, and enhances the explosive

shock wave’s rock breaking and guiding roles. Accord-

ingly, underwater blasting technology contributes to max-

imizing the water wedge and fracturing actions in the hole,

thereby expanding the fracturing range in the surrounding

rock (Donze et al. 1997; Field and Pedersen 1971; Jang

et al. 2018). Meanwhile, some potentially hazardous

conditions, including high temperatures, sparks, dust, and

slungshots, can be effectively filtered and controlled via

cooling and separation using a water medium in the hole,

thereby improving the blasting environment and ensuring

mine safety production (Yang 2015).

Greater in-depth knowledge of the damage rules for rocks

under explosions is important for practical engineering

applications (Kutter and Fairhurst 1971; Dai 2013; Li 2011).

An abundance of rock blasting experimental data has been

accumulated in previous studies, which provides qualitative

or even some quantitative information for the damage

mechanisms of explosions on rock. However, the complex

rock mechanical behaviors under high strain rate dynamic

loading suggest that the development of rock fractures under

explosion-induced dynamic loads still requires further

investigation (Li et al. 2016; Yang et al. 2005).

Currently, rock breaking is the result of the combined

actions of the shock wave with explosive detonation products.

This is more aligned with actual rock fragmentation processes

under blasting and is more widely accepted by many scholars
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(Dai 2013; Li 2011; Yang et al. 2005). This perspective sug-

gests that the propagation velocity of high-intensity shock

waves at the instant of detonation far exceeds the expansion

velocity of the products considering the overall roles of the

high-intensity shockwave and high-temperature high-pressure

denotation products produced during the explosion in rock

breakingprocesses.Moreover, the denotationwavefirst acts on

the wall of the surrounding rock in the drilling hole and causes

high-intensity rock shock waves, thereby producing com-

pression failure on the surrounding rock.Next is the dissipation

of the shock wave’s rock breaking energy and the increased

propagation distance. The shock wave decays gradually into a

stress wave that acts on the surrounding rock outside the

compressive damage region and produces tensile failure. This

forms radial fractures in the holes. Finally, the denotation and

expansion products enter the radial fractures in the surrounding

rock and impose an air wedge action. This can further lead to

the extension and expansion of radial fractures and increase the

failure range of the surrounding rock (Yang et al. 2018).

During the rock breaking process, the shock wave pro-

duced from the explosive in the hole and the high-tem-

perature high-pressure detonation products expand

isotopically in the original charging space. This can

instantaneously heat the surrounding media of the explo-

sive and cause secondary damage via expansion extrusion.

After the first rock breaks from the shock wave, the sur-

rounding rock can become discontinuous and anisotropi-

cally complex rock structures consisting of multiple

fractures and failure planes. Using traditional mechanical

methods for continuous rock media will inevitably lead to

errors in the analysis of the failure mechanism for the

surrounding rock. Since its introduction in rock mechanics,

fracture mechanics has developed gradually into rock

fracture mechanics, which focuses on analyzing dynamic

rock fractures after long-term development (Yang 2015;

Dai 2013). Previous research has analyzed the results of

rock fracture development and extension features. Rock

fracturing mechanisms based on fracture mechanics illus-

trate and evaluate the instability and damage of complex

rock structures (Li et al. 2005; Yang et al. 2014; Zuo et al.

2019). Therefore, the present study considers the devel-

opment rules for fractures produced in water-expansion-

induced rock breaking processes in drilling holes from the

perspective of fracture mechanics. This provides insightful

guidance for the application of underwater drilling and

blasting.

2 Rock breaking in underwater blasting

During underwater blasting processes, the failure mecha-

nisms of the surrounding rock exhibit nearly the same

destruction process and zoning characteristics compared

with ordinary charging blasting (Yang 2015). In other

words, after the detonation in drilling, the detonation wave

first acts on the water medium around the explosive, and

the excited shock wave then strikes the wall of the sur-

rounding rock wall through the thin water medium and

crushes it near the hole. During the propagation process,

the shock wave decays gradually into a stress wave and

imposes tensile failures on the surrounding rock, thereby

producing certain radial and circular fractures at some

distance from the blasting holes (Li 2011; Yang et al.

2018). Because the water medium in the hole has poor

compressibility and exhibits a favorable explosion transfer

performance, the explosive detonation in the hole can

produce more-uniform and wider damage to the sur-

rounding rock (Huang and Li 2015). Figure 1 shows the

rock breakage and different zones for underwater blasting

conditions.

The shock wave in the water medium around the

explosive first strikes the drilling hole wall. The intensity

of the excited rock shock wave far exceeds the rock’s

dynamic compressive strength, which can produce initial

strong compression failure in the surrounding rock (Zhang

1990; He and Jun 2019). The impact of the high-intensity

shock wave crushes the hard rock and forms compacted

cavities in the soft rock (Yang and Ding 2018). Overall, the

initial high-intensity shock wave formed during the

explosive detonation in the hole first forms compactions

with the radius of the compaction or crushed zone in the

surrounding rock rc.

As the wave propagation distance increases, the high-

intensity shock wave decays gradually into a low-intensity

stress wave. The surrounding rock of the drilling hole is

compressed along the radial direction, leading to tensile

deformation of the surrounding rock along the tangential

direction. Rock generally has a low tensile strength that is

approximately 0.02–0.10 times the compressive strength

(Dai 2013). When the tangential stress in the surrounding

rock reaches the ultimate tensile strength, the surrounding

Blasting drillingWater

Broken region

Fracture region

Fig. 1 Fracture development and partitioning during underwater

blasting processes
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rock breaks along the tangential direction and forms radial

fractures connected with the compactions or crushed zones.

The formation of radial fractures around the hole further

weakens the stress wave in the surrounding rock and

immediately releases the original compressive deformation

energy accumulated within the surrounding rock in the hole

cavity. Meanwhile, tensile stress in the radial direction to

the stress wave is formed in the rock, which results in anti-

radial motion and forms circular tensile fractures. It is

observed that the stress wave in the surrounding rock

causes both radial and circular fractures that expand and

are gradually connected. This finally forms a fracture zone

with a tensile failure radius of the surrounding rock of the

drilling hole rt.

The high-intensity shock wave causes the surrounding

rock in the hole to exhibit rheological characteristics,

suggesting the rock medium can be regarded as a fluid.

Underwater blasting in rock holes indicates plane strain

conditions, and the triggered stress at any a point in the

surrounding rock under the high-intensity shock wave at

the drilling hole wall can be represented as (Dai 2001;

Yang et al. 2018).

rr ¼ pc r=rbð Þ�a; ru ¼ �krr
rz ¼ ld rr þ ru

� �

)

ð1Þ

where

a ¼ 2þ ld
1� ld

; k ¼ ld
1� ld

ð2Þ

In Eqs. (1) and (2), rr is the radial stress of the sur-

rounding rock; ru and rz are the tangential stress and axial

stress, respectively; pc is the initial pressure of the shock

wave on the wall of the drilling hole; rb is the radius of the

drilling hole; a is the attenuation coefficient of the shock

wave; k is the lateral confining pressure coefficient; and ld
is the dynamic Poisson’s ratio of the surrounding rock

(generally, ld = 0.8l (Dai 2013), where l is the static

Poisson’s ratio).

The surrounding rock in a drilling hole is smashed when

the high-pressure shock wave in the water medium acts

directly on the wall. Meanwhile, the radius of the com-

paction or crushed zone in the surrounding rock from the

shock wave can be calculated as (Zhang 1990; Dai 2001).

rc ¼
ffiffiffi
2

p
rcn

1=3

Cpc

 !�1
a

rb ð3Þ

where C ¼ 1þ kð Þ2�2ld 1� ldð Þ 1� kð Þ2þk2 þ 1
h i1

2

rc is
the rock’s uniaxial compressive strength, C is an interme-

diate variable, and n is the loading strain rate of the sur-

rounding rock. Generally, n is high in the crushed zone of

the surrounding rock (102–104 s-1) but is lower outside

this zone (1–103 s-1) (Li 2011).

As the shock wave propagates in the surrounding rock, it

decays gradually into a stress wave and continues imposing

tensile failure on the surrounding rock. The radius of the

crushed zone in the surrounding rock can be calculated as

(Yang 2015; Dai 2013).

rt ¼
rt

rcn
1=3

� ��1
b

ffiffiffi
2

p
rcn

1=3

Cpc

 !�1
a

rb; b ¼ 2� ld
1� ld

ð4Þ

where rt is the tensile failure radius of the surrounding rock

of the drilling hole, rt is the rock’s uniaxial tensile strength,
and b is the attenuation coefficient of the stress wave.

Combining Eqs. (3) and (4) gives the thickness of the

crushed zone in the surrounding rock of the drilling hole,

denoted as Dt, which is calculated as

Dt ¼
rt

rcn
1=3

� ��1
b

�1

" # ffiffiffi
2

p
rcn

1=3

Cpc

 !�1
a

rb ð5Þ

Given the rock’s mechanical parameters, the length of

the crushed zone in the surrounding rock of the drilling

hole during underwater blasting can be acquired only by

substituting the related parameters into Eqs. (3) and (4).

For convenient analyses, only some common physical and

mechanical parameters of typical rocks are listed in

Table 1.

The intensity of the rock transmission shock wave with a

water medium in the drilling hole is approximately 2.75

GPa (Yang 2015). Substituting the mechanical parameters

listed in Table 1 into Eq. (4) provides the radii of the

crushed zones in the surrounding rock with different

lithological properties, as given in Table 2.

As listed in Table 2, the radius of the crushed zone in

the surrounding rock induced from the explosion in the

hole under different lithological conditions is overall 10–15

times greater than the drilling radius.

3 Static pressure fracturing mechanism

When performing underwater blasting on coal rocks, the

explosive load acts uniformly on the hole wall after deto-

nation because of the water medium. This can lead to the

appearance of significant uniform and symmetric fractures.

Table 1 Physical and mechanical parameters of common rocks (Dai

2013)

Parameter Shale Sandstone Limestone Granite

rc (MPa) 55 80 140 175

rt (MPa) 16.5 24.0 25.0 32.0

l 0.31 0.25 0.26 0.22

ld 0.25 0.20 0.21 0.18
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The combined shock and stress waves form a series of

fractures in the surrounding rock. During the subsequent

expansion processes from the explosive detonation prod-

ucts, the expansion products aid the water in the hole to

wedge into the fractures at high speeds, which impact the

fracture surface and accelerate their development around

the hole. The research results of Loeber and Sih (Loeber

and Sih 1968; Sih and Loeber 1969; Yang et al. 2016; Liu

et al. 2019; Gao et al. 2008) show that these fractures can

develop uniformly under a uniform pressure.

The subsequent expansion of the detonation products in

the hole helps the water medium to extrude and enter the

fractures of the surrounding rock, which further accelerates

the fracture development. Based on the maximum cir-

cumferential crack arrest criterion proposed by Erdogan

and Sih, the stress on the tip of a type-I or type-II fracture

around the drilling hole in polar coordinates can be

expressed as (Dai 2013; Gao et al. 2008).

rkhh ¼
1

4
ffiffiffiffiffiffiffiffi
2pr

p 3 cos
h
2
þ cos

3h
2

� �
KI � 3 sin

h
2
þ sin

3h
2

� �
KII

� �

ð6Þ

where rkhh is the tangential stress on the composite frac-

ture, h is the polar angle of the fracture tip, and KI and KII

are the dynamic stress intensity factors of type-I and type-II

fractures, respectively.

According to the maximum circumferential stress cri-

terion for the fracture initiation in the surrounding rock, the

maximum tangential stress on the fracture tip is when

orkhh
oh

				
h0

¼ 0;
o2rkhh
oh2

				
h0

\0 ð7Þ

where h0 is the critical fracture initiation angle. Accord-

ingly, the optimal value of h0 for the surrounding rock

should satisfy

sin
h0
2
þ sin

3h0
2

� �
KI þ cos

h0
2
þ 3 cos

3h0
2

� �
KII ¼ 0 ð8Þ

Combining Eqs. (6) and (8) describes the maximum

circumferential stress along the optimal fracture initiation

direction. This provides the fracture initiation condition in

the surrounding rock as

rhcri ¼ KIc

. ffiffiffiffiffiffiffiffiffi
2pr0

p
ð9Þ

where rhcri is the critical circumferential stress at the

moment of fracture initiation, KIc is the rock’s fracture

toughness during the development of the type-I fracture,

and r0 is the initial fracture length. Thus, the fracture ini-

tiation criterion for type-I and type-II fractures during

underwater blasting can be described as

3 cos
h0
2
þ cos

3h0
2

� �
KI � 3 sin

h0
2
þ sin

3h0
2

� �
KII ¼ 4KIc

ð10Þ

The uniform load transference from the water medium

allows the detonation load to act uniformly on the wall of

the drilling hole along the radial direction. Thus, few type-

II fractures are produced around the drilling hole. There-

fore, this blasting condition suggests that the formation and

development of type-II fractures in the surrounding rock

should not be considered. Equation (8) suggests that the

fracture initiation angle of type-I fractures is zero, and the

fractures continue to develop along the extension direction

of the fracture tip.

Considering the difficulty in acquiring the rock’s frac-

ture toughness, some scholars have attempted to establish

the relationship between the rock’s fracture toughness and

the uniaxial tensile strength (Dai 2013; Zhang 2002).

Researchers from the Yangtze Hydroelectrical Institute

conducted related tests and found that KIc = 0.141rt
1.15,

which facilitates estimations of the fracture toughness of

rocks with different lithological properties.

After the formation of radial fractures around the dril-

ling hole, the water medium is driven by the high-tem-

perature high-pressure detonation products before wedging

into fractures of the surrounding rock at high speeds (Sun

et al. 2018). This applies uniform pressure on the fractures

and accelerates their development. With the increased

fracture length in the surrounding rock, the fractures in the

drilling hole expand gradually. The pressure of the deto-

nation gas in the fractures drops gradually, and the fracture

development velocity reduces steadily until the fractures in

the surrounding rock stop developing. The transference of

the uniform load from the water medium causes symmetric

expansion of the fractures in the surrounding rock due to

the cylindrical explosive. Next, by analyzing the develop-

ment behavior of a fracture as a function of depth, the

fracture development model under wedging conditions can

be established, as illustrated in Fig. 2.

As the development length for a single fracture increa-

ses, the pressure of the water medium within the fractures

reduces. The final fracture development length from the

Table 2 Radii of crushed zones in surrounding rock

Parameter Shale Sandstone Limestone Granite

a 2.33 2.25 2.27 2.22

b 1.67 1.75 1.73 1.78

k 0.33 0.25 0.27 0.22

C 1.75 1.67 1.69 1.65

rt (m) 0.59 0.47 0.50 0.43
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water medium is denoted as lw, and the termination pres-

sure corresponding to the stopped fracture development is

denoted as pw. Because the angle between the fracture tip

and the wall in the surrounding rock far from the drilling

hole is sufficiently small to be approximated as zero, the

extension lengths of the fractures in the surrounding rock

can be described as

pw ¼ KIcffiffiffiffiffiffiffiffiffiffi
2plw

p ; ut ¼
KIc

2G

ffiffiffiffiffiffi
lw
2p

r

k þ 1ð Þ

pc1
pw

¼ 1þ ncut 2Dt þ lwð Þ
pr2c

� �k

9
>>>=

>>>;

ð11Þ

where nc is the total number of fractures around the drilling

hole, ut is the half-width of the fracture root, lw is the

fracture extension length, G is the shear modulus, pw is the

termination pressure when the fractures stop developing,

pc1 is the water pressure in the crushed zone of the sur-

rounding rock, and k is the adiabatic exponent of the

explosive.

Eliminating pw and ut allows the implicit function of the

extension length of the fracture in the surrounding rock to

be given as

pc1
ffiffiffiffiffiffiffiffiffiffi
2plw

p

KIc

� �1
k

� ncKIc

ffiffiffiffiffi
lw

p
k þ 1ð Þ 2Dt þ lwð Þ

2
ffiffiffiffiffiffi
2p

p
Gpr2c

¼ 1 ð12Þ

For example, sandy surrounding rock has a tensile

strength of 24 MPa, a Poisson’s ratio of 0.25, and an elastic

modulus of 41 GPa (Yang 2015). After substituting these

parameters into Eq. (12), the development characteristics

of fractures with diameters of 45 mm are acquired as

shown in Fig. 4 (Liu et al. 2017).

As shown in Fig. 3, a higher initial expansion pressure

of the water medium in the hole is required for fracture

initiation in the surrounding rock with more fractures.

Given the number of produced fractures in the surrounding

rock, the termination fracture extension length increases

with the initial expansion pressure of the water medium in

the hole. Furthermore, the greater the number of fractures

around the drilling hole, the smaller the change in the

initial expansion pressure of the water medium. These

results are apparent from the perspective of energy con-

servation. Within the smaller fracture space, the fractures

have a greater extension kinetic energy; therefore, they

expand at greater velocities. In contrast, a single fracture

has a lower extension kinetic energy with a smaller fracture

extension velocity in the surrounding rock, which has more

fractures. Similarly, under the same initial expansion

pressure of the water medium, the fracture extension ter-

mination length is greater in the surrounding rock with

fewer fractures (Cheng 2019).

It is concluded that the adoption of relevant technical

measures achieves directional extension of fractures among

holes. Restricting the formation of fractures along non-

dominant directions can significantly enhance the exten-

sion of the water medium into the fractures of the sur-

rounding rock. This prolongs the termination fracture

extension length and achieves a directed conducting per-

formance in the surrounding rock at a large hole spacing.

Accordingly, both the drilling operation and costs can be

reduced.

4 Test analysis of underwater blasting

The LS-DYNA program is a full-featured nonlinear pro-

gram to model geometric, material, and contact properties

of a drilling hole, which is based primarily on the lagrange

algorithm, explicit solution, and nonlinear dynamic anal-

ysis (Xie 2002). It has good applicability for the dynamic

failure simulation of rocks under high strain rate blasting.

Strong shock waves are generated at the instant of explo-

sion and destroy the surrounding objects. The LS-DYNA

can provide a model for high-energy explosive along with

rt

x

y
r

¦ È

lw

ut

Fig. 2 Fracture development model with underwater blasting
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various explosive state equations to simulate the entire

shock wave propagation process and the structural transient

response.

The present study also involved simulations of the

blasting-induced rock fracturing process when the drilling

hole is full of water. The rock explosive is described using

the state equation as (Guo et al. 2016)

P ¼ A 1� W

R1V

� �
e�R1V þ B 1� W

R2V

� �
e�R2V þ xE

V

ð13Þ

where P is the detonation pressure, V is the relative vol-

ume, E is the internal energy per unit volume, and x, A, B,
R1, and R2 are the material constants. Table 3 details the

explosive parameters for rock explosive.

The state equation for the water can be described using

the following linear polynomial:

P ¼
X2

i¼0

Cil
i þ E

X6

i¼4

Cil
i�4 ð14Þ

where l ¼ 1
V � 1. This linear polynomial can be used to

describe the water with C4 = C5 = 0.4 and all other

parameters equal to zero. Additionally, the density of water

is 1000 kg/m3 and the initial relative volume V0 is set to

1.0. The LS-DYNA finite-element model was established

by applying fixed and non-reflecting boundary conditions

on the surrounding media, as shown in Fig. 4.

The established model shown in Fig. 4 has a size of

3000 mm 9 3000 mm 9 4000 mm. The ammonium

nitrate explosive is charged and uncoupled with a diameter

of 22 mm, while the diameter of the blasting hole is

40 mm. The fluid–solid coupled calculation method was

applied, in which � the Lagrangian algorithm was used for

the surrounding rock and the blocking segment and ` the

ALE algorithm was used for the coupling between the

explosive and the water. Figure 6 shows the effective stress

based on the fluid–solid coupling model when the hole was

full of water.

As shown in Fig. 5, the detonation wave was excited as

the detonation first acted on the water medium layer around

the explosive during the fluid–solid coupling blasting

process in the drilling hole. The incompressibility and

inertial action of the water caused the shock wave to

quickly lose energy during propagation in the water med-

ium. The shock wave lasted 300 ls, and the diameter of the

crushed zone around the drilling hole was 20.1 cm. The

water medium in the drilling hole slowly decayed the

intensity of the shock wave, which entered the surrounding

rock of the drilling hole through the water medium. The

blasting-induced fracturing has a wide range, and a large-

scale damage fracture zone is observed around the crushed

zone in the surrounding rock of the drilling hole.

During charging, the explosive characteristics and the

properties of the surrounding rock remained unchanged.

The decoupled material between the explosive and the

surrounding rock altered and was set to rock, water, and air.

Three models were established for the blasting simulations

to investigate the impact of the detonation wave on the hole

wall during blasting when full of water and to consider the

effects of air-coupling and full-coupling charging

conditions.

As shown in Fig. 6, there are different failure duration

times and peak intensities of the impact from the detona-

tion wave on the blasting hole under various charging

conditions. The detonation wave imposes similar impact

and failure actions on the hole wall under coupled and air-

decoupled charging conditions. Under full-coupled condi-

tions, the impact of the detonation wave on the hole wall

exhibits three peak points at 320, 760 and 1600 MPa, while

only one peak stress point was observed under air-decou-

pled conditions. The effective stress peaks during blasting

with the drilling hole full of water, while air-decoupled

Table 3 Parameters of explosive

Parameter Value Parameter Value

q (kg/m3) 1100 R1 5.15

D (m/s) 5900 R2 0.90

P (GPa) 3.5 x 0.15

A (Pa) 214.4 E0 (J/m
3) 4.192

B (Pa) 0.182 V0 1

Fig. 4 Established numerical calculation model
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detonation conditions are slightly lower at approximately

1530 MPa. When the drilling hole is full of water, the

detonation wave acts longer and the duration reaches

approximately 180 ls, which is around 50% longer than

under air-decoupled conditions.

Figure 7 shows the relationships between the effective

stress and time at 10, 20, 50, and 100 cm from the blasting

hole. The node 10 cm from the blasting hole is closest and

located in the crushed zone of the surrounding rock, where

the peak intensity of the shock wave approaches

1220 MPa. After rock failure, the shock wave exhibits

rapid decay. At the observation node 20 cm from the

blasting hole, the peak effective stress is 495 MPa, sug-

gesting rock damage. At the observation node 50 cm from
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Fig. 6 Impact stresses on the hole wall under different charging
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the blasting hole, the peak effective stress on the unit is

89 MPa, which may cause certain tensile failure to the

rock. At the node 100 cm from the blasting hole, the peak

stress is relatively low as it is far from the center of the

blasting hole, suggesting slight damage to the surrounding

rock.

To further validate the effectiveness of underwater

blasting, a large rock with an appropriate size and regular

shape was selected in the quarry as the blasting objective.

A drilling pipe with a diameter of 38 mm was used for

drilling. Figure 8 shows a photograph of the natural rock

selected in the quarry.

The rock has a buried depth of approximately 3.7 m and

a mean diameter of approximately 1.5 m. The drilling

depth is 2.8 m. A total of 10 g of ammonium nitrate

explosive was used for the underwater blasting tests on the

rock specimen with a buried depth of 3.7 m. The detailed

procedure is described in Fig. 9.

The fractures on the bottom of the hole after the

explosion were observed using a borescope. Figure 10

shows the rock damage before and after blasting. The tests

demonstrate that using 10 g of ammonium nitrate explo-

sive can achieve favorable rock breakage performance for

large rocks with a volume of approximately 6.5 m3. After

underwater blasting, uniform fracturing was realized along

the full-length range of the drilling hole. It is therefore

concluded that the water medium causes the detonation

energy from limited explosive to act uniformly on the full-

length range of the drilling hole, which effectively

enhances the energy utilization ratio of the explosive.

Therefore, this technique successfully avoids the difficulty

of deep-hole charging during underground blasting pro-

cesses. Thus, relatively little explosive should be placed in

the shallow part of the drilling hole.

At the same time, the observation and analysis of the

blasting process are used to determine the sound of the rock

blasting, the intensity of the explosive fire, the amount of

rock blasting dust, the rock fragmentation, and the purifi-

cation time of the gaseous products from detonation in air

as the evaluation indexes of the blasting test. The above

index evaluation criteria are used to obtain the scores of the

rock fracture test results during rock blasting through the

independent evaluation of the same test process by multiple

individuals, as shown in Table 4.

In Table 4, A represents the charge quantity, B repre-

sents the water pressure, and C represents the charge pipe.

The orthogonal test analysis method is used to process the

test data and obtain the blasting test results. Table 5 shows

that the effect index of the rock blasting test is greatly

sensitive to the horizontal water pressure (B). The hori-

zontal charge tube (C), as a secondary sensitive factor, does

not significantly affect the rock fracture under the condition

of multiple free surfaces. The effect of the charge quantity

(A) on the rock blasting index is relatively small, which is

not the primary factor for the blasting effect. The best

matching combination under these conditions is B2C2A2,

which uses 3 MPa water as the detonation medium and

obtains the best rock fracture effect.

5 Conclusions

(1) Underwater blasting exhibits distinct damage zones

on the surrounding rock relative to air. The failure

mechanism and size of each zone were

Fig. 8 Natural rock specimen from the quarry

Fig. 9 Procedure for the field test

Fig. 10 Rock failure modes before and after underwater blasting:

orifice a before and b after blasting; hole bottom c before and d after

blasting
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systematically analyzed and solved based on fluid

and fracture mechanics to determine the rock

breaking mechanism. The rock is first crushed by the

shock and stress waves, and the water medium in the

hole further expands to promote rock breakage.

(2) The failure radius of the surrounding rock induced

from the explosive in the hole is approximately

10–15 times greater than the drilling radius. The

fracture-increase model after water medium wedging

suggests the water medium should be at a higher

initial expansion pressure to achieve fracturing in the

surrounding rock when more fractures are present.

Given the fixed number of produced fractures, the

fracture termination length increases with the initial

expansion pressure of the water medium in the hole.

Moreover, in surrounding rock with more fractures,

the initial expansion pressure of the water in the hole

changes slightly.

(3) Both the numerical simulations and field test anal-

ysis results show that when the drilling holes are full

of water, the blasting duration is long and static-

loading rock breakage characteristics can be

achieved because of the uniform load-transfer prop-

erties. Therefore the static rock breaking effect under

a dynamic load can be achieved.
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