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Abstract

Water in the blasthole causes adverse effects on blasting performances, e.g., the incomplete
explosion of explosive and toxic fume generation. It is normally pumped out before explosive loading
to prevent explosive deterioration. In this study, a new blasting concept - water deck blasting (WDB)
is introduced which sealed the water at the blasthole bottom to prevent adverse effects of water as
well as maximise the beneficial effect of water on rock breakage performances. A field experiment
was conducted in a quarry, bench blasting including 23 watery holes among 139 blastholes.
Promising results were observed as there was no evidence of toxic fume during blasting and
achieved a competent level of fragmentation with even toe-cut at the bottom level. The WDB and a
normal charge blast were simulated using ANSYS/AUTODYN and multi-peak oscillations were
investigated for the WDB. The advantageous rock breakage performances of the relatively small
amount of water rather than the amount of explosive have not been verified but have been
discussed referring to the extreme water and the steam explosion phenomenon. The WDB blasting

method expects to bring advantageous effects to surface mine blasting.
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1 Introduction

In typical rock blasting exercises in surface mines, often the dynamic or static water level at
the bottom of the borehole is unavoidable, which is known for causing several adverse effects on the

blasting performance. In fact, many researchers and engineers have pointed out the water and
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humidity in a borehole as a primal causing factor for misfire, incomplete explosion, sympathetic
detonation, dead pressure effect, and generation of toxic NOx fumes. The majority of adverse
effects of the water in a borehole to blasting performances are due to the deterioration of the
explosive. If water can be perfectly sealed, then the beneficial influence of the water on rock blasting
performance would be maximised. In this study, water deck blasting (WDB) is presented, which
could maximise the benefits of water in borehole but minimise the negative influences of water on

the explosion performance.

In the following Chapter 2, the different aspects of water effects on rock blasting
performance are discussed. Subsequently, in Chapter 3, the effects of water deck blasting (WDB)
have been examined through numerical analysis. In succession, a field trial of water deck blasting
(WDB) is presented in Chapter 4. Chapter 5 discusses fewer unique phenomena observed in this
study. Also, a logical deduction has been made on the advantageous effects of the water deck by
discussing the ‘extreme water’ and ‘steam explosion’. The study is concluded in Section 6 with

presenting conclusions and future studies.

2  Water effects on blasting performance

Ineffective blasting performances due to the watery borehole negatively influence the
productivity of mines by causing poor fragmentation, poor level cut, back-break, and blasthole blow-
up. They also increase the environmental and safety risks resulting in the excessive vibration, fly
rock, and toxic fumes. The majority adverse effects of the watery boreholes are caused by the
incomplete explosion of the water contaminated explosives. In other words, the rate of adverse
effects will be minimised if the water is completely isolated from the explosive column, which
facilitates a complete explosion. The complete explosion would maximise rock breakage
performances and minimise the adverse effects of watery borehole, by creating significant synergies
with the favourable rock breaking conditions of the saturated rock mass, increasing the duration
time of the induced explosion energy actions inside of the rock mass, and stress oscillation due to

the water in a borehole.
2.1 Adverse effects of water in borehole

The majority of adverse effects of the water on blasting performances are due to the
deterioration of the explosive. When explosives are immersed 24 hours in water, ANFO will loss 98%
of Ammonium nitrate (AN) while the water-in-oil based emulsion explosives loss 0.5% AN . The
degree of adverse influences of the water would be varied in different types of explosives but it is

unavoidable when the water present in the borehole and directly in contact with explosives.



The degree of explosive deterioration due to water depends on the period of explosive
sleeping time in a borehole and the wetness of the borehole. The phenomenon can cause serious of
changes on chemical components of adjacent explosive. Especially hygroscopic explosives, e.g.,
ammonium nitrate fuel oil (ANFO), the moistened explosive becomes desensitised and often failed
to detonate. Given that the adverse effects, the water in a borehole would result shorten the
diameter of the detonable explosive column, decelerate the velocity of detonation (VOD), toxic fume
due to the incomplete explosion, and residual explosive in a borehole in a severe condition. Due to
the watery borehole wall and the deteriorated explosive along the borehole wall, the VOD at wet

borehole would be significantly slower than the VOD at the dry borehole.
2.2 Beneficial effects of water in borehole

The presence of water in a borehole could be beneficial for rock breakage performance if
the water is thoroughly sealed. The beneficial effects of water in a borehole on the blasting
performance have been hardly studied. Few studies on water-coupled and water-cushion blasting
had been conducted in China for the blasting performance improvement and blasting induced

vibration control #®.

2.2.1 Effects of rock saturation to blasting damage zone

In general, the stress wave velocity is faster in the saturated rock than the dry rock. In
addition, the strength of rock will be decreased when it is saturated (Sg, > Sgq¢). Kim, Changani’
conducted a research to find the effects of water contents on the mechanical strength of rock. The
research found that both compressive and tensile strength of saturated rock samples were reduced
approximately 20% compared with dry samples in both static and dynamic loading conditions. Figure
1 demonstrates three different scenarios of surface blasting: (a) normal charge in a dry ground, (b)
normal charge in a saturated ground at the bottom of borehole wall, and (c) sealed charge in a

saturated ground condition as (b).
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Figure 1. Rock strength and stress wave velocity comparison of dry and wet boreholes. (a)
Dry borehole, (b) Wet borehole due to the water table at the bottom of borehole, and (c) Wet
borehole sealing the water at the bottom of borehole.
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Cui, Yuan, Yan ° conducted a research on water-silt composite blasting to substitute the
conventional silt stemming blast for tunnelling. The research observed huge wave reflections in the
water and the performance of water bubbles and vapour during the rock breaking processes.
Moreover, the research illustrates the performances of wet and dry silt charges through the blasting

damage zone (BDZ) calculation by applying Eq. 1.

_ 1/a
Rp = (M) o Eq.1

Ot

Where R, is the radius of BDZ, u presents Poisson’s ratio, o is the tensile strength of rock, «

is attenuation parameter, P. is the borehole pressure, 13, presents the radius of blast hole.

In general, the Poisson’s ratio (1) tends to be increased along with decreasing Young’s
Modulus (E) when rock becomes saturated. Thus, from the Eq. 1, R, becomes larger in a saturated
rock than a dry rock if explosive charge conditions and attenuation parameters are identical. Figure 2
shows the relation between Poisson’s ratio and the BDZ when « is 0.50. It can be seen that when
Poisson’s ratio increases from 0.25 (Dry rock) to 0.35 due to saturation, the radius of Blasting

Damage Zone (BDZ) is increased to 2.6 times of BDZ of Dry rock.
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Figure 2. The relation between Poisson’s Ratio and Blasting Damage Zone (BDZ)

2.2.2 Blasting pressure oscillation

In case of underwater explosion, the continuous oscillation of the impulsively expended gas
bubble creates a pulse crossing negative and positive pressures due to the inertia of the water and
the elastic properties of the gas bubble & The continuous dynamic pressure transforms due to the
underwater explosion causes saviour damage on the adjacent structure than the same magnitude of
an explosion in the air. Similar phenomena have been observed in rock damage under cyclic loading.
Rock strength deterioration under cyclic loading has been recognised by Many researchers °*%. The
rate of strength deterioration is a function of the loading amplitude and the maximum loading on
each cycle and the rock strength under cyclic loading can be reduced around 30% of strength in
monotonic loading with increasing micro cracks in the rock. Recently, Zhou et al.!? researched to
examine the effects of cyclic pumping to rock during the hydraulic fracturing operation. Through the
study, more complex microcracks have been observed when cyclic loading is loaded with variable

frequency rather than regular frequency pumping and monotonic loading.

The detonation behaviour of water deck blasting (WDB) cannot be fully elucidated with the
underwater explosion or the rock strength deterioration under cyclic loading. However, a pressure
transform in the form of cyclic loading has been observed at the bottom of a blast hole through a
numerical simulation using AUTODYN 23, Given the strength deterioration due to cyclic loading and
pressure transform, the observed cyclic loading at the borehole bottom of the WDB contributes to

exacerbating the rock fracturing process.
2.2.3 Energy encapsulation

Once the explosive is detonated inside of a blasthole, extreme amounts of explosion energy
will be instantaneously discharged. The induced shock waves penetrate rock masses and promote
microcracks within 1 — 2 ms after the detonation. The cracks will be expanded and rock fragments

will be pushed away by the blast-induced high-pressure gases. Not all the energy from the rapid



chemical reaction of explosive would contribute to rock breakage. According to previous studies,
around 7-25% of explosion energy would be effectively spent for rock breakage in forms of fracture,
seismic, and kinetic energies, while 30% of energy would be lost through gas venting to atmosphere.
The uncounted remaining 40-60% of explosion energy would be transferred from gases to rock
fragments to heat and deform the rock fragments * 1>, Given the high rate of energy loss during the
rock blasting, the breakage performance would be improved by increasing the duration time of the
induced explosion energy actions inside of the rock mass. The blast incident energy would be
encapsulated with layers of different materials. Needham ! conducted air explosion experiments to
investigate the burst effects of a snow layer on a concrete surface. A 453.59 kg (1000 pound) of
explosive composing with 85% of HMX was detonated at 150 cm above the concrete surface with
and without a snow layer. Through the experiment, it was found that the snow layer is not
functioned as a cushion of the impact but encapsulates the blast incident energy. The result shows
that the overpressure in the snow layer was nearly three times higher than the one on the exposed
concrete surface. Due to the impedance differences between air and the snow layer, the sound
speed in the snow layer has been reduced which blocked the rapid transmission of the blast incident
energy in the snow layer. In case of water deck blasting (WDB), the water deck located at the
bottom of the blast hole can be accounted as an energy encapsulation layer which extends the

action moment of blast incident energy to the adjacent rock masses.

3  Comparison numerical study of conventional and water deck blasting

3.1 Rock blasting processes

The explosion is a rapid reaction of fuel and oxidiser in explosive which generates
exceptionally high pressure and gases. The reaction ignites detonation waves, which travels at
supersonic speeds of around 2000 to 7000 m/s. At the same time, the shock wave will penetrate
through the rock mass. The adjacent rock to the explosion will reach a hydrodynamic state and
pulverised as it exhibits an inelastic response. A nonlinear zone will come after the hydrodynamic
zone, where the rock will be experienced from plastic deformations to severe fracturing. Beyond the
nonlinear zone, rock will be in an elastic zone. In the elastic zone, compressive failure does not occur
as the amplitude of blasting induced compressive pressure will become either same or lower than
the compressive strength of the rock. However radial fractures will be generated as the tangential

stress is still higher than the tensile strength of the rock.



3.2 Blast modelling using AUTODYN/ANSYS

Numerical analysis is carried out using AUTODYN from ANSYS to examine the effect of water
deck at the bottom of the borehole. AUTODYN is a non-linear hydrocode that enables to simulate
non-linear dynamic impacts incorporating Lagrange, Euler, ALE (Arbitrary Lagrange Euler), and mesh
free solver. The program has been widely used for blasting loading analysis -2, In this study, the
hybrid Lagrangian/Eulerian method is applied. The rock and sand are modelled with Lagrangian
solvers, whereas explosives and air are modelled with Eulerian solvers, which is ideal for
hydrodynamic behaviour modelling as it does not occur grid distortion. Jones-Wilkins-Lee (JWL)
equation of state (EQS) is adopted as it can demonstrate the relations between expanding volume
and pressure of an explosion. The JWL EOS describes thermodynamics of detonation product and
unreacted high explosives using in reactive hydro simulations. One of the limitations of the JWL
equation is that the parameters in JWL equation may unintentionally adjust to fit data to calibrate an
explosion experiment, i.e., the cylinder expansion test, with the non-ideal behaviour of pressure and
volume from explosion 22. Nevertheless, The JWL EOS has been extensively used to model non-ideal

detonations and the equation is presented in Eq. 2.

W W wE,
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Where P is the pressure, V is the relative volume of detonation pressure defined by the
density of explosive (p,= 0.931 g/cm?) over the density of the detonation products (pp), Eo presents
the specific energy with an initial value of E§. The material parameters for the explosive are as
follows: A4, B,R{,R,, w and E§ are 4.95E+10 Pa, 1.89E+9 Pa, 3.907, 1.118, 0.333, and 2.67E+6 J/kg
respectively. The Chapman-Jouguet (CJ) detonation velocity and pressure are 4160 m/sec and

5.15E+9 Pa respectively.
3.3 Geometry of the blast model

The blasting simulation aims to compare the blasting performances at the blasthole bottom
in a case of a normal charge (a dry hole) and water deck charge. The bench blast model for this study
incorporating one blasthole presents a dry hole condition where the blasthole diameter, depth,
stemming length, and charge column length are 102 mm, 14.0 m, 2.8 m, and 11.2 m respectively.
Subsequently, 1.12 m of explosive column at the blasthole bottom is replaced with water column
(10% of explosive column length) to examine the effects of water deck, which is assumed as
perfectly sealed from the explosive. Figure 3 demonstrates the schematic view of the blast

simulation model with a water deck.
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Figure 3. Schematic view of the 2D numerical model of water deck blasting

The model comprises 5 materials, i.e., air, ANFO, sand, water, and granite. The material
constants were taken from ANSYS engineering data library?. Air** in the model has density and
specific heat of 1.22E-03 g/cm?® and 7.17E+02 J/kg/K respectively. Density and shear modulus of the
sand® are 2641 kg/m3 and 7.69E+7 Pa respectively, and it was applied in the model as a stemming
material. The thermodynamic reactions of water?® was solved by Mie-Gruneisen EOS, and its
parameters are taken from ANSYS material library of which density, material constants of C1, S1, and
Gruneisen coefficient are 998 kg/m?3, 1647 m/s, 1.912, and 0 respectively. Parameters of the granite
were obtained from ANSYS engineering data library. The property of granite, such as density, P-wave
velocity, and shear modulus are 2.52 g/cm?3, 3.24E+3 m/s, and 1.70E+4 MPa respectively. Hermann’s
P-alpha EOS?” and RHT damage model® were used in this study to simulate the dynamic nonlinear
behaviour of rock-like materials in high strain rate under the blast loading. More details of the P-

alpha model and RHT damage model can be found in Herrmann ?, Collins 2°, and Riedel *°.
3.4 ANTODYN simulation results

The pressure-time histories at the blasthole bottom of normal blasting (Figure 4-a) and
water deck blasting (Figure 4-b) are demonstrated in Figure 4. For the normal blasting (NB), the

initial peak pressure at the blasthole bottom was reached 2700 MPa at 1.47 ms after the initiation,



and it was exponentially dropped immediately. The magnitude of the pick-pressure was also
considerably dropped along with the distance as the peak pressure reached 325, 330, and 268 MPa
at 204, 408, and 612 mm respectively from the blasthole bottom. The water deck blasting (WDB)
shows a smaller initial peak pressure of 168 MPa at 1.63 ms (Figure 4b). Interestingly, multiple peaks
were observed in WDB simulation at 2.83, 4.09, 4.60, and 9.30 ms where their pressures are 222,
144, 150, and 210 MPa respectively. Approximately 200 MPa of a thick shock wave was observed
after 5.48 ms, which continues about 4 ms and gradually reduced. Somewhat similar rock mass
damage trends were observed from the AUTODYN/ANSIS simulations of NB and WDB which were
depicted in Figure 5a-1 to 5a-4 and Figure 5b-1 to 5b-4 respectively.

(a) Normal blasting (NB) (b) Water deck blasting (WDB)
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Figure 4. Time and pressure tendencies at the borehole bottom of normal blasting (a) and
water deck blasting (b) from AUTODYN simulations with their graphics representing the level of
damages at 1.6, 2.0, 2.2, and 3.0 ms respectively.



4  Field experiment

A trial of water deck blasting (WDB) using a high hydrophobic powder (HP) was conducted
on a basalt quarry in Queensland, Australia. The HP is a blended powder product which is used as a
multipurpose barrier to seal off problematic water in blast holes. In the trial, the HP isolates toe
water and creates a completely dry hole for the immediate loading of explosives, which turns wet

holes into dry holes instantly as there is no curing time needed.
4.1 Blasting design

The density of the columnar basalt was 2.8 kg/m3, which shows medium to high strength
having a Rock Quality Designation (RQD) of 60 to 80 with regular joints. 139 blastholes with a
diameter of 102 mm and the average depth of 14.5 m were drilled as the staggered pattern, with
burden and spacing of 3.5 to 4.0 m respectively. Among the blast holes, 23 holes in one area present
water. The water depths varying from 0.1 m to 5.9 m and the water level was maintained below 3 m
before explosive loading. The quarry had been used ANFO but started to use Emulsion Explosive to
prevent adverse effects water contaminated ANFO. For the trial, instead of loading the costly
Emulsion Explosive, one litre of high hydrophobic powder (HP) was poured into the 23 watery blast
holes before loading ANFO. The granular powder type of HP creates a structural water seal on top of
the water, which completely decouples ANFO from the water at the bottom. The stemming height
was maintained from 2.5 to 2.8 m in each hole and around 30% of explosives were reduced for those
watery 23 holes. The charge pattern of the watery blast hole and photos of before and after blast

are demonstrated in Figure 5.
4.2 Field observations of the water deck blasting (WDB) effects

The blast was examined by visual inspections of muckpile shape, fragmentation, and toe cut
performance. As shown in Figure 5-c, there was no evidence of toxic fumes caused by contaminated
ANFO which can be an evidence of complete separation of water and the ANFO in the blastholes.
Engineers in the mine were satisfied with results of the trial blast. As shown in Figure 5-d, muckpile
was properly thrown and fragmented without having excessive oversize rocks. The mine often
experienced bad toe cut performances, especially at the watery area. However, the trial water deck
blasting results a flat floor overall area including the location of the 23 watery hole as shown in
Figure 5-e. In summary, the HP perfectly sealed the water at the bottom of those 23 watery holes,
which facilitates the ideal detonation of the loaded ANFO column. In succession, the maximised
explosion energy intensifies rock breaking performances with possibly reacting with the water

column at the bottom of the blast hole.
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Figure 5. Water deck blasting (WDB) trial at a basalt quarry. (a) Charge pattern, (b)
charging process, (c) blasting, (d) after blast and (e) after mucking out

5 Discussions

In the numerical analysis in Chapter 3, although the magnitude of the shock wave from the
water deck blasting (WDB) on the blasthole bottom was decreased, a similar degree of damages was
observed with the normal blasting (NB). Interestingly, few exotic phenomena were observed from
the water deck blasting (WDB). The shock wave from WDB becomes thicker and demonstrates
multiple peak oscillations. In addition, reflected waves at the boundaries of explosive-water and
water-rock generate more complex shock wave interactions at the lower section of the blasthole.

These unique phenomena could be related to the clean toe-cut results in the field WDB experiment.

As far as authors’ knowledge, chemical and physical mechanisms of a water deck (relatively
small amount of water than the amount of explosive) behaviour under the sudden dynamic blast
load have not been studied yet. Considering the results from the field work and the numerical
simulation, a logical deduction can be made to explain the effects of WDB referring ‘the extreme

water’ and ‘the steam explosion’.

Unlikely water in an ambient condition, water exhibits unique behaviours beyond it’s critical
point (374.14°C, 22.09 MPa) by undergoing dramatic changes, in both structure and bonding
characteristics where the distinction of gas and liquid has disappeared 3. Under the extreme
condition, water (the extreme water or supercritical water) more act as a solvent and a catalyst 32.

These exotic behaviour have been widely used in industries, e.g., nuclear engineering, supercritical

11



water gasification, and biomass productions. A recent study by Wu et al.3 discovered the catalytic
behaviour of water under extreme conditions by promoting oxygen transport in the Chapman-
Jouguet (CJ) state during the pentaerythritol tetranitrate (PETN) explosion. It has been found that
water is not just an end product of explosion but has a role in catalysing complex explosive
reactions. The study is not a case of an external water behaviour during the explosion process, but it
shows different roles of water under the extreme condition that can imply positive actions of water

deck to increasing rock breakage performances.

The water deck (isolated water) must have undergone a rapid phase transformation due to
the high energy induced by the detonation of the explosive column on top. To explain the
advantageous effects of water deck at the bottom of explosive column, the mechanism of rapid heat
transformation should be investigated as it results in violent water vaporisation. If the bottom water
deck triggers a steam explosion phenomenon, the effect of the gas (vapour) energy would be
significant as 1 litre of water creates about 1700 m? of vapour. The steam explosion causes by rapid
vaporisation of water which is considered as a critical hazard in many industries. In the nuclear
engineering, the energetic steam explosion at the nuclear reactor has long been considered as a
purely physical heat transform of hot molten metal to water but the role of exothermal chemical
oxidation has been discussed 34, The steam explosion due to physical heat transfer requires
extremely fast heat transfer rate. In the nuclear engineering, this rapid heat transfer is explained
with an assumption of sudden molten metal dispersion to micro sizes . If the steam explosion
occurs in the WDB, the mechanism of a rapid heat transfer from the explosive explosion to water
deck at the hole bottom must be discovered. The mechanism of steam explosion is still obscure, and
more information on the steam explosion on nuclear engineering can be found from the listed

references: 363,

In case of water deck blasting (WDB), the precursor shock wave, which compresses the rock
is delivered from the shock front of the explosion reaction zone. The shock wave would be thicker,
and its magnitude would be decreased when it is passing through the water column at the blasthole
bottom due to the high impedance difference. Then, the steam explosion would be followed which
generates excessive pressures. The evidence of water deck steam explosion has not been captured
in the AUTODYN simulation in this study as it requires a multi-fluid and dimensional model with

assumptions for many uncertainties of the phenomenon.

6 Conclusion

In general surface mine blasting principles, the water in a borehole customarily pumped out

before loading ANFO or replacing with emulsion-type explosives which have high water resistance.
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The presence of water in the borehole is one of the critical agendas for mining companies not only

as it decreases the productivity of the mine but also increases the safety issues.

The study introduces a new concept of blasting method, water deck blasting (WDB),
prevents adverse effects of water at the borehole bottom as well as maximises the beneficial effects
of water on rock breaking mechanism. The core of the water deck blasting (WDB) is the complete
isolation of water from the explosive column in a borehole. The separation of water at the borehole
bottom facilitates the complete detonation of ANFO under the dry condition. In addition, the
interaction of the maximised explosion energy and the water generates continuous pressure
transformation at the borehole bottom and extends the action moments of blast incident energy
into the rock masses. These phenomena have been observed from the numerical simulations by
AUTODYN. A hypothesis on the steam explosion of exerting extreme explosive detonation energy
into isolated water has been proposed to understand the unique phenomena of the water deck
blasting (WDC). As a future work, more sophisticated researches on the water deck steam explosion

are required to prove the hypothesis.

A field experiment has been carried out at a basalt mine in Queensland, Australia to
examine the effects of WDB. Among 139 blastholes, 23 holes were defined to contain water at the
bottom, which ranges from 0.1 m to 3.0 m. A high hydrophobic powder was applied to create a
structural layer to seal the water. As results, the blasting produces a satisfactory fragment
distribution without boulders. Especially, it derived a flat floor, which implies the effectual influence
of WDB. Although the exact effects of the isolated water at the blasthole bottom have not been
clarified in this study due to the complex undisclosed mechanisms, the advantageous actions of the
isolation of water at blasthole have been verified through the numeral analysis and the field
experiment. The water deck blasting (WDB) method expects to bring positive contributions on

surface mine blasting.
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Figure 1. Rock strength and stress wave velocity comparison of dry and wet boreholes. (a) Dry
borehole, (b) Wet borehole due to the water table at the bottom of borehole, and (c) Wet
borehole sealing the water at the bottom of borehole.
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Figure 7. Schematic view of the 2D numerical model for water deck blasting.

Figure 8. Time and pressure tendencies at the borehole bottom of normal blasting (a) and water
deck blasting (b) from AUTODYN simulations with their graphics representing the level of
damages at 1.6, 2.0, 2.2, and 3.0 ms respectively.

Figure 9. Water deck blasting (WDB) trial at a basalt quarry. (a) Charge pattern, (b) charging process,
(c) blasting, (d) after blast and (e) after mucking out.
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