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Abstract: The Trauzl test is widely used to measure the explosive power of a substance by determining
the volume increase produced by the detonation of a tested explosive charge in the cavity of a lead
block with defined quality and size. In this study, the Trauzl lead block test and a high-speed 3D
digital image correlation (3D-DIC) system were used to evaluate the effect of stemming on a blast hole.
The blasting experiments were conducted with emulsion explosives. The stemming materials adopted
in this study were sand, aggregate, and shear thickening fluid (STF)-based stemming materials. The
results of the blasting experiments and numerical analysis showed that the expansion rate of the
lead block was most affected by STF-based materials, followed by aggregates and sand stemming.
Furthermore, the displacement and surface strain on the block were the highest in the experimental
case using STF-based stemming materials. The STF-based stemming material developed in this study
in open pit mining or various blasting constructions is expected to increase rock fragment efficiency,
compared to that of general blasting stemming methods, and reduce blasting vibration by decreasing
the amount of explosive per blast hole used for blasting.
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1. Introduction

The main objective of stemming is to increase rock fragmentation by enhancing the
efficiency of the explosive energy generated by an explosive charge loaded in a blast
hole. Another objective is to minimize the vibration and noise by reducing the amount of
explosives used.

The most commonly used stemming materials in blast work sites are sand; in some
sites, crushed stones, aggregates with smaller particle sizes, and rock fragments are used.
According to Wang et al. [1], when suitable stemming was carried out in a blast site, the
efficiency of the blast energy utilization was increased by over 300% compared with cases
using no stemming or unsuitable stemming. Thus, stemming is required to obtain a robust
confinement for the blast hole, and is essential for rock blasting. To this end, it is imperative
to properly select stemming materials based on their properties, such as adhesive strength
and frictional resistance, inside the blast hole. If a proper stemming material is used in a
site, the loss of explosive energy inside the hole can be minimized during the blasting and
the fragmentation of the target bedrock can be improved, as the preserved pressure can
be efficiently spread to the surroundings. In this way, effective blasting can be performed
using only a small amount of explosive charge and the blasting construction cost can also
be reduced [2].

In general, the use of fluid as a stemming material inside a blast hole produces
satisfactory blasting results. Zhu et al. [3] performed an AUTODYN numerical analysis with
various stemming materials, including fluid (water), sand, and air, filled inside the space
between the internal explosives and the hollow wall inside the blast hole, under dynamic
loading (e.g., explosions). The results revealed that water generated the most extensive
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crushing area and is the most appropriate medium for shock-wave transmission. However,
cracks are generated when the tensile stress exceeds the maximum tensile strength of the
rock. Moreover, the large load applied during this process can be attributed to the reflection
and bubble pulse of the shock wave, due to the presence of water, causing deformation and
displacement of the rock. In general, water expands under the overpressure of air, and this
energy is transferred to the bedrock, which causes destruction and cracks. Subsequently, the
high-pressure vapor is released through the cracks and contributes to the crack extension [4].
Thus, water is regarded as an excellent stemming material for blasting. However, the
stemming shape of water cannot be easily maintained, presenting challenges for achieving
a sealing state. Therefore, water can be applied in vertical blast holes, but cannot be easily
utilized in horizontal blast holes, which are used in works such as tunnel blasting.

In this study, a shear thickening fluid (STF)-based stemming material was developed,
which has an increased shearing strength for dynamic shock, and behaves similarly to
water during shock-wave propagation. STF, as an intelligent material, is characterized by
its reversible energy absorption behavior under impulse loading [5-8], and its remarkable
energy absorption capacity through viscous dissipation during shear thickening [9-11] and
compression thickening [12,13].

STF is a dense colloidal dispersion containing nanosized solid particles inside a carrier
fluid [14]. Initially, the random distribution of particles in the dispersion emerges in an
ordered form upon applying a shear force because the hydrodynamic forces surpass the
repulsive forces acting between the interstitial spaces of the particles. This arrangement
of particles constitutes the order—disorder theory, which was proposed by Hoffmann in
1972 [15]. As the shear rate increases, the increased hydrodynamic forces tend to squeeze
out the fluid between the interstitial spaces, resulting in the formation of hydroclusters.
This phenomenon constitutes a hydrocluster mechanism proposed by Brady and Bossis
in 1985 [16]. These clusters are stress-bearing components and cause jamming of particles
when further shearing forces are applied.

One of the key characteristics of shear thickening fluid (STF) is the behavior in which
dynamic viscosity increases with applied shear stress. The effect of dilatancy occurs when
closely packed particles are combined with enough fluid to fill the gaps between them. At
low velocities, the fluid acts as a lubricant, and the dilatant material flows easily.

At higher velocities, the liquid is unable to fill the gaps created by the particles, and
friction greatly increases, causing an increase in viscosity. STF is also non-Newtonian in
nature in that its viscosity is dependent on shear rate or shear rate history. This behavior is
one type of deviation from Newton’s law and is controlled by factors such as particle size,
shape, and distribution. Empirical studies have also shown that shear thickening effects
vary with different concentrations of particles and additives, and the molecular chain of
the additives [17].

Shear thickening is a reversible phenomenon governed by the power law model. In
general, a non-Newtonian fluid is described using the power law model, expressed in
Equations (1) and (2):

i K@;) =KW)"=71=KW)"" ("), T= Happarent (v), @)

-1
Happarent = K('Y)n ()
where 7 is the shear stress exerted by the fluid, K is the fluid viscosity, y is the shear
deformation, y is the distance from the reference layer, % is the strain rate, n is the flow
behavior index, and igpparent is the apparent viscosity.

As shown in Figure 1, if n = 1, the fluid behaves like a Newtonian fluid and if 0 <n < 1,
the fluid exhibits shear thinning properties. Moreover, several dispersions and liquid
polymers exhibit shear thinning behavior when the value of n lies between 0.3 and 0.7.
However, this depends on the particle concentration and molecular weight of the carrier
fluid. Figure 1 also explains the relationship between the shear stress and shear strain rate
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of STF; the shear thickening effect of STF was demonstrated by the lower rate of increase in
shear stress at the low shear-strain-rate regions and a higher rate of increase at the high
shear-strain-rate values.

Shear thickening
fluidn ) 1

Newtonian fluid n = 1

Shear thinning fluid n { 1

Shear stress(Pa)

Shear rate(s™")

Figure 1. Schematic graph of the shear thickening mechanism of STF.

STF has been thoroughly researched in terms of its capability in enhancing the perfor-
mance of body armor against ballistic impacts [18] and for stab resistance [19]. However,
the potential effects of STF on the stemming of blast holes requires further investigation.
The motivation herein is to harness the strength of the STF through flexible deployment
and relatively easy stemming, while being able to dissipate pressure wave loading around
the rock mass during an explosion. The rheological behavior of a non-Newtonian fluid is
measured using a rheometer.

In this study, to comparatively analyze the blasting effect of the developed stemming
material and that of commonly used blasting stemming materials, the Trauzl lead block test
and numerical analysis were carried out. Furthermore, to measure the dynamic strain of the
surface of the lead block during the blasting test, a 3D digital image correlation (3D-DIC)
system was installed utilizing two high-speed cameras, and the expansion deformation of
the lead block during the blasting process was measured.

2. Materials and Methods
2.1. Rheology Tests for STF-Based Stemming Material

The rheological tests were performed using a rheometer (Anton-Paar MCR301), and
the STF samples were placed between a cone plate and the foundation support of the
rheometer. The shear rate applied to the sample was raised from 0 to 100 s~ during the
experiments, and all the tests were conducted at a room temperature of 25 °C. Figure 2a,b
show the schematic of the rheometer and rheological test results of the STF-based stemming
material, respectively.
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Figure 2. Cone and plate rheometer and rheological behavior results of STF-based stemming.

The experiments showed that a shear thickening effect was achieved at a critical
shear rate of 85 s~ 1. At first, a marginal shear-thinning of the STF samples was obtained,
which subsequently increased with increasing shear rate. Specifically, as the shear rate
attained a critical shear rate, the viscosity of the STF abruptly increased, which indicates
the occurrence of the shear thickening phenomenon. However, the viscosity of the STFs
sharply decreased after the period of shear thickening. The maximum viscosity of the STF
samples was measured at 525 Pa.

2.2. Stemming Material

In general, sand or aggregate (gravel) is used as a stemming material for blasting. The
stemming materials used for the Trauzl lead block blasting test in this study were sand,
having an average diameter of 0.52 mm; gravels, having an average diameter of 2-3 mm;
and STF-based stemming materials, as shown in Figure 3a—c. Figure 3d,e and Table 1 show
the particle size distribution curves and the physical properties of the sand and the fine
aggregate used in the experiment. In Table 1, D3y, Dgp, and Ds, represent the size in mm in
which 30%, 60%, and 50% of the particles are finer than the size represented, respectively.
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Figure 3. Stemming materials for Trauzl test and general stemming material particle size distributions.

Table 1. Properties of general stemming materials.

Uniformity Coeff. of Specific Unified Soil

Type (Eiﬂ) (2;01) (3;2) Coeff. Gradation  Gravity  Classification
(Cw) (Co) (Gs) System
Y
poorly graded
Sand 0.52 0.7 0.62 1.35 1.14 2.65 sand (SP)
poorly graded
Aggregate 5.5 7 6.5 1.45 0.90 2.45 gravel (GP)

The sand used in the experiment corresponds to SP, and the aggregate corresponds
to GP under the Korean standard classification. The fine aggregate is a finely ground
crushed stone whose particles are thicker and coarser than those of sand, and thus have a
superior frictional force. According to Jin [20], although crushed stones having a particle
size ranging from 6 to 13 mm have excellent frictional force, the stemming effect may be
reduced since the sealing capacity decreases in a blast hole with a short stemming length.
Therefore, the particle size range was sieved to 2-3 mm in this experiment in order to
maintain the sealing capacity of the aggregate stemming material.

The shear thickening fluid is comprised of cornstarch particles, with an approximate
diameter of 5-20 um, suspended in water. The STF was prepared at a concentration of
55 wt% and synthesized using a combination of mechanical and ultrasonic mixing. This
weight fraction was selected to ensure the shear thickening behavior, while maintaining a
workable solution [21]. According to previous experimental results [22], at 52.5-55 wt% of
corn starch, a falling rock impacting on the suspension surface recoiled, similar to how it
would behave after hitting a truly solid interface. Similarly, when the hammer in Figure 3c
impacted on the STF suspension surface, the hammer recoiled.

In previous studies [12,13], the relationship between the shock velocity and viscosity
for STF was obtained using laser-induced shock experiments. In addition, the STF acts as a
solid after shear thickening, enabling the possible use of the Mie-Griineisen equation of
state (EoS) for describing the compressibility of STF.

As an example of the power series form for the Hugoniot, we can compute the power
series expansion of the linear Us — U, Hugoniot. The relevant shock equations for STF
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are mass, momentum conservation, and the assumed linear Us — U), relation, which are
described in Equations (3)—(5), respectively:

poUs = p(Us — up) 3)
Py = pUsup 4
Us = Co + Suyp (5)

where U is the shock velocity in the U; — Up shock relationship, the constant Cy (bulk
sound speed) is derived from least-square fits to experimental Us — U}, data, S is the linear
coefficient, U, is the particle velocity, Py is the pressure of the Hugoniot curve, and py is
the density.

2.3. Trauzl Lead Block Test

The Trauzl lead block test, also called the Trauzl test or simply Trauzl, is a test used
to measure the strength of explosive materials. The test is performed by loading a 10 g
foil-wrapped sample of the explosive into a hole drilled in a lead block with specific
dimensions and properties. The hole is then topped up with sand, and the sample is
detonated electrically. After detonation, the increase in cavity volume is measured. The
result, given in cm?, is called the Trauzl number of the explosive.

The schematic of the lead block used in the experiment is shown in Figure 4. The
height and diameter of the lead block were 200 mm, the central blast hole diameter was
25 mm, and the blast hole length was 125 mm. After the emulsion explosive (detonation
velocity: 5664 m/s and density: 1.1~1.2 g/cm?) was charged inside the bottom of the
blast hole of the lead block, sand, aggregate, and STF-based materials were filled in the
remaining space with the stemming material of the blast hole.

(a) Lead block before the test (b) Lead block after the test

Figure 4. Schematic of the Trauzl test.

2.4. Preparation of the Experiments (Three-Dimensional High-Speed Camera System)

The experimental results were evaluated using two high-speed cameras and the DIC
technique, and the expansion of the lead block after the initial explosion was recorded and
analyzed. The DIC technique (Figure 5) was used to compare images before and after the
deformation of a lead block, and to measure the displacement and strain rate of the entire
surface. In recent years, some studies have applied this technique to blast engineering
research. DIC has been applied in indoor tests to perform dynamic response analysis of the
surrounding bedrock under different blast hole stemming conditions [23], and Xu et al. [24]
analyzed the crack propagation characteristics of a cylindrical concrete specimen under
blasting load during the crack propagation process using a stereo system comprising a high-
speed camera and a 3D-DIC technique. Camera-based contactless precise displacement
measurement technology is expected to be applied to blasting tests where it is difficult to
attach contactable sensors.
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Figure 5. Schematic diagram for correlating the images of a reference subset before deformation and
a target (or deformed) subset after deformation.

In this study, to measure the dynamic expansion process after the blasting of the
lead block, two APX RS high-speed cameras manufactured by Photron were set up at
12,000 fps, as presented in Figure 6a. The distance to the lead block was 2.5 m, the
distance between the two cameras was 1.0 m, and the entire area of the region of interest
(ROI) for the image correlation was set at 860 x 860 mm?. To use the recording speed of
12,000 fps, an effective pixel area of only 512 x 384 pixels was used, compared to the actual
measurement area of 430 x 322 mm?. Table 2 provides a comparison of 2D /3D digital
image correlation techniques.

Based on the singularity change in the speckle pattern, displacement or deformation
can be more precisely measured. To easily recognize the travel path as an image, a black
speckle pattern on a white background was spread onto the surface of the lead block
(Figure 6b). This allowed for easy recognition of the dynamic expansion process and the
surface change path of the lead block as images after the detonation of the explosive charge
inside the explosive chamber of the lead block. Information on the grey-intensity change
should be provided for the surface deformation of the evaluation target to be measured,
which is necessary for proper reflection of the evaluation algorithm. To achieve this, an
artificial random pattern is generally formed on the surface of the object of the analysis.

ig|
(stereo type_

LEAD BLOCK

(a) High-speed 3D-DIC system (b) Trauzl lead block

Figure 6. Installation of high-speed 3D-DIC system and Trauzl lead block.
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Table 2. Comparison of 2D/3D image correlation systems.

2D-DIC 3D-DIC
Number of cameras Only 1 2 or more
Camera system Mono Stereo
Camera calibration Not required 3D calibration
. In-plane and out-of-plane
Measurement result In-plane displacement (2D) displacement (3D)

Tensile test, bending test,

Applications shear test

Applicable to all experiments

2.5. AUTODYN Numerical Analysis

To simulate the lead block expansion test according to the application of the sand and
fine aggregate stemming, numerical analysis was performed using AUTODYN. For this
analysis, the physical properties of lead, sand, and aggregate were obtained based on the
material library data of the AUTODYN program.

The equation of state (EoS) of ideal gas was applied for air, and the impact state
equation was applied for other materials. The EoS is used to determine the volume
and shape change in a material under different external loads, and different constitutive
equations are applied depending on the state. Table 3 shows the physical properties of
sand, fine aggregate, and STF, which are needed to use the EoS.

Table 3. Mie-Griineisen EoS parameters for stemming materials.

. Density Sound Speed Coefficient Coefficient
Materials D( g/cm3) Co(m/s) s, S EoS
Sand 1.5 1019 1.32 0 shock
Aggregate 15 1100 1.40 0 shock
STF [12,13]. 1.6 2050 5.32 0 shock
Lead 11.3 2006 1.43 0 shock

The lead block was composed of the three-dimensional Lagrange part, as presented in
Figure 7; the stemming material and explosive charge inside the blast hole were composed
of the Euler part, and Euler/Lagrange coupling 3D analyses were conducted. The explosive
charge was set to be an emulsion charge using the physical properties shown in Table 4,
and the Jones-Wilkins-Lee (JWL) model was applied. For the ambient condition of air,
the internal energy was set to be 2.068 x 10° J/kg, which corresponds to the standard
atmospheric condition. The free boundary condition was applied at the borders of the lead
block model, and the outflow condition was applied outside of the Euler region for the
flow of the transferred gas.

Figure 7. AUTODYN numerical model of the lead block.
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Table 4. Jones-Wilkins-Lee (JWL) and Chapman-Jouguet (C-]) characteristic values (emulsion
explosive [25]).

A(GPa) B(GPa) R1 R2 w
243 7.671 4,991 1.967 0.499

3. Experimental Results

For the STF-based blasting stemming material, sand, and fine aggregate, a total of six
Trauzl lead block tests (two for each material) were carried out. Factors for the comparative
evaluation of the stemming effect included the expansion rate of the lead block, the dynamic
strain of the surface near the explosive chamber, and the change in the diameter of the
cross-section near the explosive chamber. The experimental results were analyzed as shown
in Table 5.

Table 5. Results of the Trauzl lead block test.

) Blast Hole Volume(cc) . . Section Displacement
Tesl: S;me_mlg Before After (lrirxpanlsll\(l) n R]jte) Average Max((?t)ram (Peak) at Bottom of
number ateria Blasting Blasting rauzl Number ? Blast Hole (mm)
41 72 423 5.87 5.6 10.0
o Sand 72 447 6.20 6.03 6.2 6.0
#3 72 468 6.50 49 74
" Aggregate ' 6.77 ’ '
74 521 7.04 7.5 10.0
#5
STF-based 72 527 7.32 712 7.5 11.0
#6 materials 72 506 7.03 71 102

As shown in Figure 8a, 368 data points were measured using a 3D-DIC system; these
points were formed into a lead cylinder using a Gaussian best-fit technique to determine
its diameter and cross-section. Figure 8b shows the process of forming the diameter and
the cross-section near the chamber, starting from the lower surface of the test piece. The
3D-DIC technique identifies a random pattern created on the sample surface to measure
the displacement. The strain is calculated by differentiating the displacement of the node
element used in finite element analysis (FEM) and can be measured by the displacement of
the entire region of the sample. In this experiment, a node element was created to calculate
the strain, as shown in Figure 9.

Neme | SYRYRE
I cylinder 3
Sigma 0.40275 Method  Gaussian best-fit
Residual 0.31588
Max. Deviation | 1.24357 &
Selected Points 368
Used points |3 sigma

3D selection

Basedon » ¥ .-

election parameters ‘

Constraints <

+l Create And Close Close

(a) Construct cylinder

inder 3
+199.260 m

(b) Cylinder diameter setting (c) Cylinder plane section setting

Figure 8. Construction of the fitting cylinder (lead block).
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Figure 9. Calculation of the strain rate of the lead block using node element.

The initial volume of the lead block blast hole before the explosive charge detonation
was measured to be 72-74 cm?, and the average expansion rate of the lead block after the
explosion, i.e., the average Trauzl number, of the STF-based blasting stemming material
was 7.12, higher than that of the fine aggregate (6.77) and sand (6.03). After estimating
the blasting stemming effect of the STF-based stemming material based on the lead block
expansion of the sand, the STF-based stemming material showed a stemming effect approx-
imately 18% higher than that of sand. Table 6 shows the displacements of each designated
point on the lead block surface measured using the 3D-DIC system, and these are the
initial displacement data between the detonation of the explosive charge and the maximum
expansion point of the lead block.

Table 6. Measurement points of high-speed 3D-DIC.

. Type of After Stemming Material
Point Displacement  Detonation Sand Aggregate STF
no- (mm) (ms) 0.25 0.5 1.0 0.25 0.5 1.0 0.25 0.5 1.0
#1 0.51 1.46 - 0.48 1.59 212 1.86 2.74 2.65
#2 0.77 1.79 - 0.75 1.98 2.59 3.09 4.40 4.33
#3 Radius 1.24 2.66 3.40 1.23 2.89 3.56 3.64 524 5.14
#4 (coordinate displacement) 141 294 3.44 141 2.99 3.65 3.64 5.18 5.09
#5 1.28 2.66 3.05 1.39 2.88 3.20 347 4.59 4.54
#6 0.80 1.66 1.75 1.0 211 248 2.84 3.56 3.51
#7 0.51 1.10 1.15 0.47 1.44 191 3.11 2.48 1.95
Section displacement
#0 (surface at the blasting 244 4.77 6.09 3.70 6.66 10.10 291 7.86 10.28
chamber)

The 75 mm separation point from the bottom-center of the lead block is the explosive
chamber surface where the explosive charges are charged. The displacement was calculated
by designating points numbered 1-7 from the top of the block with 30 mm intervals, and
the lead block was classified into three parts: upper, middle, and lower (Figure 10).

Figure 11 shows the change in the expansion of the lead block over time. For the
cross-sectional displacement on the surface of the explosive chamber where the explosive
charges are detonated, the STF stemming material showed approximately 1.6 times higher
displacement compared to the sand at each time point, in addition to a slightly higher
level of displacement compared with the fine aggregate (Figure 12). Figure 13 presents the
average values of the displacements at points 3, 4, and 5 among the measurement points
arranged in parallel on the lead block blast hole, and the STF stemming material showed a
clearly higher radial displacement compared with that of sand and fine aggregate.
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Main measurement points of High speed 3D-DIC
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Figure 11. Surface displacement of the lead block after detonating.



Mining 2022, 2

341

15 - +  STFbased stemming
14 Stone chips stemming
13 4 A Sand stemming
12
* K.
g1 *‘**/ ) *‘,‘k\*
E 10 /*\*.* / : *x K
E 91 / N
2 %] /*
® 74
a A A
% 6 4 /}/AAA A'AA"A-A'A/ A
o
5 5 Y
g ' ’
n 34 ;
/a
2 //
. ] e
s
0 - T T T T T T T 1
00 05 10 15 20
Time (ms)

Figure 12. Sectional displacement of the lead block at the surface of the explosive chamber with
initial setting time after detonation.
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Figure 13. Radial displacement of the lead block at the surface of the middle part with initial time
after detonation.

Figure 14 presents the radial displacements at points 6 and 7, located at the bottom of
the blast hole. The maximum radial displacement of the STF-stemming material was almost
1 mm higher than that of the fine aggregate and 1.5 mm higher than that of sand. A large
displacement occurring at the bottom of a blast hole indicates an effective transmission
of the explosive pressure to the lower part of the hole due to tamping. If tamping is
successful in an actual bench blasting, additional work such as auxiliary drilling may
become unnecessary. The shape and the volume of the lead block of the aggregate stemming
material are slightly wider than those of the sand stemming material, showing a volume
expansion of approximately 5% to 6% at the center. The volume expansion near the bottom
of the lead block for the fine aggregate stemming material is expected to be 40% to 60%
larger than that of the sand stemming material.
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Figure 14. Radial displacement of the lead block at the surface of the lower blast hole with setting
time after detonation.

Numerical Analysis Results

The blast hole expansion results of the numerical model of the lead block expansion
test for each stemming material are provided in Table 7. The initial volume of the lead block
blast hole was 61 cm?, the expansion rate relative to the initial volume of the STF stemming
was found to be 531%, and the Trauzl number of the STF stemming was higher than that
of the sand stemming by approximately 1.0. Compared with the sand stemming case, the
STF stemming showed an increase in the maximum expansion volume of around 24%. A
comparison of the test results through numerical analysis yielded slight differences in the
degrees of overall expansion of the lead block, although the trends of volume increase in
sand stemming, aggregate stemming, and STF stemming were similar to those in the test
results. The differences between the test results and numerical analysis are presumably due
to errors in the casting process of the lead block, such as impurities and problems caused
by the casting rate or casting temperature during production.

Table 7. Results for blast hole expansion of the AUTODYN lead block model.

Stemming Material Sand Aggregate STF
Before blasting 61 cm? 61 cm3 61 cm3
After blasting 261 cm® 273 cm® 324 cm®
Expansion rate 427% 447% 531%

Figure 15 presents the expansion shape of the lead block blast hole with sand, fine
aggregate, and STF stemming based on the experimental results and numerical analysis
results. Clearly, the STF stemming resulted in the largest expansion diameter and showed
additional expansion at the bottom of the blast hole. Figures 16-18 show the initial pressure
distribution within the range of 0.1 to 0.15 ms after detonation. The pressure range in the
left-hand figures ranged from 0 to 50 MPa. The pressure contour of the STF stemming was
larger than that of the sand and fine aggregate.
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Detonating point

(b) Sand stemming (measured)

37 mm

65:mm

Detonating point
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(e) STF stemming (predicted) | (f) STF stemming (measured)

Figure 15. Blast hole expansion of the lead block according to different stemming materials.
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(b) 0.12ms (c) 0.13ms

(d) 0.14ms (e) 0.15ms

Figure 16. Pressure contour for the lead block model at the initial step (time: 0.1-0.15 ms; sand
stemming cases).

N

(d) 0.14ms | (e) 0.15ms

Figure 17. Pressure contour for the lead block model at the initial step (aggregate stemming cases).
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(d) 0.14ms (e) 0.15ms
Figure 18. Pressure contour for the lead block model at the initial step (STF stemming cases).

Figure 19 shows a comparison of ejection times of the stemming materials. The
ejection times for the sand and fine aggregate stemming were 0.45 ms (test result: 0.4 ms)
and 0.75 ms (test result: 0.7 ms), respectively. The total ejection time of the STF stemming
was 1.0 ms (test result: 0.9 ms), which indicated a significantly high ejection resistance
concerning the blast borehole pressure. Hence, the STF stemming material has superior
sealing capacity compared to general stemming materials such as sand and aggregate

Aggregate STF
stemming ‘ stemming

SAND
stemming

| |

Sand Stemming Aggregate Stemming

Recording time : 33.8 ms Recording time : 20.2 ms

ing time(ejection) : 20.9 ms ‘ 16.6 ms

Surface component 1 Surface component 1
User User

Figure 19. Stemming material ejection on the blast hole after detonating.
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4. Discussion

Figure 20 shows the comparative results of the Trauzl test and numerical analysis.
Although there were some differences between numerical analysis and real experiments,
the trends according to stemming materials were similar. The reason why the experimental
and numerical analysis results are different is that the frictional resistance between the
stemming part and blast hole wall was not considered in the numerical analysis, and the
gas flow was not reflected in the analysis in detail.

The shock wave speed can be determined by the density of the material and Hugoniot
slope, S, and bulk sound speed, Cy, in the shock relationship. In the case of STF, the density
was slightly higher than that of sand and aggregate. However, the constants S and Cy were
almost twice as high as those for sand or aggregate (Table 3). Therefore, it can be concluded
that the lead block of STF expanded more than the sand and aggregate stemming cases
because the shock wave speed generated was the highest in the case of STE.

Furthermore, the fluid medium (STF stemming) in the blast hole exhibits a favorable
explosion transfer performance. The explosive detonation in the hole can produce highly
uniform and wide damage to the surrounding rocks [26]. The impact of the high-intensity
shock wave crushes the hard rock and forms compacted cavities in the soft rock [27].

The experimental lead block expanded more than that of sand and aggregate stemming,
when the high-intensity pressure shock wave in the STF fluid stemming acted directly on
the blast wall. Therefore, the superior blasting effect of STF stemming may be because of
an effective sealing effect, in addition to the favorable characteristics of the transmission of
shock waves.

10 @ Numerical
. B Experiment
84
u
o)
4@ 74 | n
5 - .
8 g
% ]
a L]
¥ o
° L ]
44
34
I X 1 ¥ 1
SAND Stone chip STF

Stemming material

Figure 20. Comparison results graph of the Trauzl test and numerical analysis.

Figure 21 shows the stress (oxx) on the surface of the lead block at 0.2 ms after blasting.
In the time-stress curve at the specified point in Figure 21, the maximum stresses (oxx)
for the sand and fine aggregate stemming were 21.1 and 22.9 MPa, respectively. oxx of
the STF stemming was 35.6 MPa. The significantly high stress resulting from the STF
numerical model indicates that the block expanded more diametrically. Hence, the STF
stemming material effectively and uniformly transmits explosion energy around the blast
hole. Moreover, its stemming effect is superior to that of other stemming materials.
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Figure 21. Stress (oxX) contour on the surface of the lead block at 0.2 ms after blasting and the

time—stress curve at the specified point.

5. Conclusions

In this study, experiments were performed to compare the stemming effects of two

materials that are most commonly used for stemming at blasting sites with those of an
advanced type of stemming material under material development. The results are summa-
rized as follows.

@

@)

®)

4)

©)

Based on the results of the Trauzl lead block expansion test, the average Trauzl
number of the shear thickening fluid-based stemming material was 7.12, indicating
a higher average Trauzl number compared with that of sand stemming (6.03) and
fine aggregate stemming (6.77). Furthermore, the developed STF stemming material
showed a stemming effect enhanced by approximately 18% compared with that
of sand.

In terms of the cross-section displacement on the surface of the explosive chamber of
the lead block blast hole, the STF stemming showed approximately 1.6 times higher
displacement compared with sand stemming, and it showed clearly higher radial
displacement compared to sand and fine aggregate stemming at the measurement
points arranged in parallel on the lead block blast hole at all locations, including the
middle and lower parts of the blast hole.

According to the test results and numerical analysis, the STF stemming material
effectively and uniformly transmits explosion energy near the blast hole. Moreover,
its blast capacity is superior to that of other stemming materials, reducing the total
specific charge. STF stemming is thus expected to be effective for the bottom cut of
bench blasting.

Furthermore, both the test results and numerical analysis show that the STF stemming
material lasted up to two times longer than sand in terms of ejection time. The STF
stemming material applied in this study exhibited better sealing capacity than other
stemming materials.

The superior blasting effect of STF stemming may be because of an effective sealing
effect, in addition to the favorable characteristics of the transmission of shock waves.
The STF-based stemming material developed in this study in various blasting con-
structions is expected to increase bedrock crushing efficiency, compared to that of
general blasting stemming methods, and reduce blasting vibration by decreasing the
number of explosive charges used for blasting.
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