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Comparison of the efficiency of plaster
stemming and drill cuttings stemming
by numerical simulation
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Synopsis

Numerical simulation of the plaster stemming method (PSM) was performed and compared with the
conventional drill cuttings stemming method (DCSM). Many earlier in situ tests have proved that PSM
can use the blast energy more efficiently than DCSM. Despite PSM generating more blast vibrations, it has
advantages over DCSM such as better fragmentation and lower cost per unit volume of rock blasted. In this
study, numerical simulation with Autodyn software using a 2D tool was employed to prove the efficiency
of plaster stemming by comparing parameters such as pressure, Y-velocity, Y-force, internal energy,
acceleration-Y, and compression. For example, the maximum pressure attained at the top of explosive
column was 7 395 MPa for DCSM whereas it was as high as 11 945 MPa for PSM. Most of the computed
parameters were significantly higher in PSM than those obtained for DCSM. This paper is the first study
elucidating the efficiency of PSM by numerical simulation. It is concluded that PSM can save substantial
amounts of money and effort.
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Introduction

The stemming of blast-hole collars in surface mines with an inert material redirects blasting energy to

the rock more efficiently, thus the blast-induced energy is utilized more effectively in breaking rock. With
proper stemming, the gases should not escape due to loose stemming material. More efficient stemming
with better confinement therefore increases the blast fragmentation. In addition, the distance of scatter

is increased, giving rise to a looser rock pile that can be more easily loaded and transported. In order to
improve the performance of a blast, stemming is used to help maintain the gas pressure over time (Konya
and Konya, 2018). Proper stemming has been shown to increase the explosive efficiency by over 41%
(Snelling and Hall, 1912).

The most common stemming material in open pits and quarries is drill cuttings because of their ready
availability at blast sites and the drill cuttings stemming method (DCSM) is a low-cost method. However, it
has a major disadvantage in that dry drill cuttings eject very easily from blast-holes during an explosion,
thus a great percentage of the blast energy is wasted and lost to the atmosphere. Cevizci (2012, 2014,
2013, 2017) studied blasting parameters in open pits and obtained better results with the plaster stemming
method (PSM) in many limestone, basalt, and clay quarries. Moulding plaster is preferred for stemming
because of the fast hardening time of 25-30 minutes.

Plaster stemming confines blast-induced pressure, therefore a shorter stemming column provides the
same effect as a longer column of drill cuttings. Hence more explosive can be used per drill-hole. Cevizci
and Ozkahraman (2012) pointed out that generally, as the stemming column increases, more large
fragments are produced, which cause loading and hauling problems and increase costs. Also, increased
utilization of hole length reduces specific drilling costs due to the increased burden and spacing distances.
The biggest cost item in blasting operations is blast-hole drilling. Another advantage of PSM is better
fragmentation, with more cracks induced within the rocks.

Many studies of the stemming effect have been carried out by numerical simulation. Park and Jeon
(2010) investigated vibration reduction in tunnelling by air deck stemming, by means of numerical and
experimental studies. The numerical and experimental results agreed well. Fiserova (2006) compared
numerical modelling and experimental results and found good agreement. In addition, numerical studies
are cost-effective and easier to set up and run than experiments. To date, many studies have been done to
investigate the accuracy of numerical simulations and experiments.
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A plaster stemming trial and blast-induced vibrations

Cevizci (2012) carried out tests comparing plaster stemming
and drill cuttings stemming, each method being used on a single
row of seven holes 89 mm in diameter. The stemming length
was 1.5 m and 58.7 kg ANFO with 1.25 kg primer was used in
the case of the DCSM. A stemming length of 1 m and 61.3 kg
ANFO with 1.25 kg primer was used for the PSM. Nonel caps
with 42 ms delay were used at the surface, and 500 ms delay
at the hole bottom. Vibration levels were measured 88 m away
from the blast-holes. PSM achieved better fragmentation and
lower cost per unit volume. However, blast-induced vibration
was considerably increased. Of course, such an increase can be
detrimental to equipment, pit slope stability, and general safety.
However, the measured values were under the legal threshold
values.

For the DCSM trial (Cevizci, 2015), peak particle velocity
(PPV) was 12.0 mm/s. The components of vibration were
transverse PPV 6.22 mm/s at 14 Hz, vertical PPV 11.9 mm/s
at 19 Hz, longitudinal PPV 9.78 mm/s at 23 Hz. For the plaster
stemming trial, PPV was 17.8 mm/s. The components of vibration
were transverse PPV 12.8 mm/s at 13 Hz, vertical PPV 8.76 mm/s
at 21 Hz, and longitudinal PPV 17.8 mm/s at 14 Hz. The vertical
component of vibration was lower and the frequency was higher,
which constitutes an advantage for PSM, but the longitudinal and
transverse components were higher and frequencies were lower,
which is disadvantageous. However, the measured values were
under the safety limits despite the short measuring distance.

Numerical simulation of drill cuttings and plaster
stemming methods

In this study, numerical simulation with Autodyn 2D axial
symmetry was performed. Two rock types with different strengths
and a constitutive model were used for the simulation. Blasting
can be numerically described by a general system of differential
equations such as the laws of conservation of mass, momentum,
energy, and a supplementary equation. In order to solve these
equations, finite difference, finite volume, and finite element
numerical techniques have been developed (Oran and Boris,
2001; Toro, 1997; Zukas, 2004; Benson,1992).

In this study, two models were built for each rock type
(a total of four models). The first model utilized drill cutting
stemming and second plaster stemming. In all four models,
all parameters were the same except for stemming type, rock
type, and explosive. In addition, the accuracy of the model was
checked by changing parameters such as the blast pattern, scale
of the model, and explosives. Seven different materials - two
rock types (limestone and ‘Rock I'), plaster, sand, ANFO, TNT,
and air - were used in these models. ANFO is widely used in
blasting at open pits and quarries. Sand was substituted for drill
cuttings since it has similar physical effects in the stemming
process. The Lagrange solver is preferred for modelling rock and
plaster because it is more suitable for solids (Fairlie, 1998). The
Arbitrary Lagrange Euler (ALE) processor can also be used, and
is useful to provide automatic rezoning of distorted grids. The
Euler solver is used for the blasting process and sand because
it is more suitable for fluids and gases. In order to check the
accuracy of the Euler solver for sand, the results were compared
with those obtained with the Lagrange solver, and were found to
be similar. Limestone, Rock Il and plaster were defined manually,
but sand, ANFO, TNT, and air are specified in Autodyn library
and were used as such.
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Limestone is defined as reference density 2.69 g/cm?; other
parameters defined are linear EOS, Drucker-Prager strength
model, principal stress failure model, bulk modulus 65 GPa,
shear modulus 27 GPa, yield stress 80 MPa, reference
temperature 273 K, specific heat 910 J/kgK, and thermal
conductivity 1.3 J/mKs. Plaster is defined as reference density
1 g/cm?, linear EOS, Drucker-Prager strength model, principal
stress failure model, bulk modulus 3 GPa, shear modulus
1.1 GPa, yield stress 2 MPa, reference temperature 293 K, specific
heat 1000 J/kgK and thermal conductivity 0.3 J/mKs.

Polynomial EOS (Park and Jeon, 2010) and the Riedel,
Hiermaier and Thoma (RHT) strength and failure model are used
for Rock 11, with the parameters listed in Table I (Riedel et.al.,
1999; Riedel, 2000).

For models, the initial condition is set and ideal gas EOS is
used for air. The internal energy of air is set as 2.0682.10° J/
kg. For modelling high explosive, ANFO and TNT, Euler solver
employing Jones-Wilkins-Lee (JWL) EOS for detonation products
is preferred. The JWL Equation [1] is implemented in Autodyn as:

w
i — -R,V
P—A(l Riv)e Vo

WE

w
— g~ R2V 4
B(l sz)e Tty

(1]

Aand B (Pa), the R, and R, coefficients, and ¥, the
Griineisen coefficient depend on the composition of the explosive.
The variable V= v/v_ is the expansion of the explosive products

Table |

Parameters of the RHT model used in the study
Parameter Value
Reference density 2.75 glem?
Bulk modulus, A, 35.27 GPa
A, 39.58 GPa
Shear modulus, G 22.06 GPa
Compressive strength, fc 93.75 MPa
Tensile strength/Compressive strength, f/f, 0.100
Shear strength/Compressive strength, £/f, 0.180
Intact failure surface constant, A 1.600
Intact failure surface exponent, N 0.610
Tensile/compressive meridian ratio, Q2,0 0.6805
Brittle to ductile transition, BQ 0.001 050
G (elastic)/G (elastic—plastic) 2.000
Elastic strength per foot 0.700
A, 9.040 MPa
B, 1.220
B, 1.220
T, 35.27 GPa
T, 0.000 MPa
Reference temperature 300 K
Specific heat 654 J/kg K
Thermal conductivity 0.000 J/mKs
Elastic strength/ fc 0.530
Residual strength constant, B 1.600
Residual strength exponent, M 0.610
Compressive strain rate exponent, a 9.090 x 10°
Tensile strain rate exponent, & 0.0125
Maximum fracture strength ratio 1.000 x 1020
Damage constant, D, 0.04
Damage constant, D, 1.00
Minimum strain to failure, fm 0.01
Residual shear modulus faction 0.13
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and £ (J/m%) is detonation energy per unit volume. Various
authors such as Dobratz and Crawford (1985), Finger et al.
(1976), and Souers and Kury (1983) studied the values of JWL
coefficients. JWL EOS parameters of ANFO and TNT are as listed
in Table II (taken from the library of Autodyn). Euler processor,
Compaction EOS, MO Granular strength, Hydro (P_, ) failure are
used for sand. The reference density of sand is 2.641 g/cm?®.

The mesh size is 10 mm and the same mesh system is applied
for both PSM and DCSM. The acceleration due to gravity is set as
9.81 m/s? through the x direction (according to open pit blasting).

In limestone quarries in Turkey, an average 2.2 m burden
and 2.5 m spacing was determined in 89 mm diameter holes
and a 10 m bench height by slab blasting tests (Ozkahraman,
1993). Similar geometrical parameters representing the real
conditions are chosen for the models. A cylindrical rock specimen
is modelled with dimensions of 3000 mm in diameter,

10 000 mm in length, and a 90 mm diameter hole located in

the centre (Figure 1). The centre of the drill-hole coordinate at
the top of the hole is (0, 0). The length of stemming is 2000 mm
in both methods. Gauges are placed in the model as shown in
Table III (Figure 1). Gauge 1 is placed 15 mm under the stemming
and gauge 2 is 5 mm from the inner surface of hole (50 mm from
the hole centre) inside the rock. The main limitation of the gauge
is that wherever it is placed, the measurements can be taken only
at the middle of the cell.

Initial conditions and boundaries were defined. Interaction
and output settings are very important for correct results. The
models were built in structured parts that have more than
300 000 nodes and elements. In addition, thousands of cycles
were performed.

Detonation was started at the middle of the explosive column
(at coordinates 6000, 0). It was assumed in the model that the
interface between the plaster stemming and rock was joined,
since the plaster plug connects the hole surface. In other words,
the plaster plug can move with the main rock mass during
blasting (Cevizci, 2013).

Simulation results
The maximum values of pressure, Y-velocity, Y-force, internal

plaster
Cyele0 %
Tirie 0 000EA000 s L

Unis mm, mg, ms
Aial symmelry

Plaster

Figure 1—Simulated cylindrical rock, 180° mirroring model, and gauge

points
Table Il
Initial coordinates of the gauges
Gauge no. X (mm) Y (mm)
1 (fixed, in hole) 2.01500E+03 5.00000E+00
2 (moving, in rock) 2.03500E+03 4.99829E+01
3 (moving, in rock) 2.04500E+03 4.99829E+01
4 (moving, in rock) 2.00500E+03 4.99829E+01

energy, acceleration-Y, and compression from the numerical
simulation model are given in Table IV. Compression } is a ratio
(Autodyn, 2013), which is

Table Il

Parameters of ANFO and TNT JWL EOS

Explosive Reference density (g/cmd) Vod (m/s) A (kPa) B (kPa) R, R, w C-J pressure (kPa) E (kJ/m?)
ANFO 0.931 4160 4.946 x 107 1.891 x 106 3.907 1.118 0.333 5.15 x 106 2.484 x 106
TNT 1.630 6930 3.73 x 108 3.747 x 106 4.150 0.900 0.350 2.15x 107 6.000 x 106
Table IV

Maximum values

Parameter Gauge Limestone Rock Il

Drill cuttings Plaster Drill cuttings Plaster

Pressure (MPa) 1 7 395 11945 11876 12962
Compression 1 0.8327 4.4063 0.1236 0.1565
Y- velocity (m/s) 1 519 961 473 550

Pressure (MPa) 2 3015 3104 4871 5317
Compression 2 4.638 x 102 4.775 x 10 1.110 x 102 1.193 x 102

Y-force (N) 2 6.466 x 10° 7.050 x 10° 3.213 x 10° 4.310 x 10°

Internal energy (J/kg) 2 2.585 x 10* 2.722 x 10* 1.299 x 10° 1.535 x 10°
Acceleration-Y (m/s?) 2 2.194 x 10* 2.392 x 10* 1.067 x 105 1.431 x 10°
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u=1(p/py) — 1 2]

where p is density.
The following nomenclature is used in Figures 2-9:

- Ident0-dc : DCSM - limestone - ANFO
- Ident 1 - plaster : PSM - limestone - ANFO
- Ident2-dc : DCSM - Rock I - TNT

- Ident3-pl : PSM - Rock IT - TNT

Measurements at gauge 1 (inside hole)

Figure 2 shows the pressures at gauge 1 location (coordinate
2015, 5) versus time. The maximum pressures using DCSM and
PSM are 7 395 and 11 945 MPa for limestone, and 11 876 and 12
962 MPa for Rock II. Figure 3 shows the compression at gauge 1
versus time. Maximum compression with PSM (4.4063) is higher
than that for DCSM (0.8327). Similar results were obtained with
Rock II. Figure 4 shows the Y component of velocity at gauge

1 versus time. PSM results in higher maximum velocity in both
limestone (519 961 ms™) and Rock II (473 550 ms1).

Measurements at gauge 2 (inside rock)

Figure 5 shows pressures at gauge 2 location (coordinate 2035,
~50) versus time. The maximum pressures for DCSM and

PSM are 3 015 and 3 104 MPa for limestone, and 4 871 and

5 317 MPa for Rock I1. Figure 6 shows values of compression at
gauge 2 versus time. The maximum compression for PSM (4 775
x 10?) is higher than that for DCSM (4.638 x10%). Similar results
were obtained with Rock II. Figure 7 shows the Y component of
force at gauge 2 versus time. PSM results in a higher maximum
Y-force in both limestone (6.466 x 10°, 7.050 x 10 N) and Rock
1 (3.213 x 10°, 4.310 x 10° N). Figure 8 shows internal energy
at gauge 2 versus time. Maximum internal energies for DCSM
and PSM are 2.585 x 10* and 2.722 x 104 J/kg for limestone and
1.299 x 10° and 1.535 x 10° J/kg for Rock II. Figure 9 shows
acceleration-Y at gauge 2 versus time. Maximum acceleration-Y

Gauge History ( ) Gauge# 1

+q ) ] | s (1)ldent O - dc R J __________ L _________ H——
1,210 (2)ldent 1 - plaster
s (3)ldent 2 - dc
1010 4 srcc (Adent3-pl [ R T

y 8O0

[ ! ! ! ! !

=] i i i

73 : 5 5

& 6,010 — R S . :

© : ' :

n- " P P P
T
2,0110° e
0,010" ,’ j

0,0 0,2 0.4 0.6
TIME(milisecond)

Figure 2—Pressure (kPa) at gauge 1 versus time
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Figure 3—Compression at gauge 1 versus time
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Figure 4—Y component of velocity (ms™) at gauge 1 versus time

for PSM (2.392 x10* m/s?) is higher than that for DCSM (2.194 x
104 m/s?). The Rock II results were similar. The results of gauge
3 and gauge 4 are similar to those of gauge 2.

Moving gauges in the rock were preferred, which is available
as a default setting in the software. For the ANFO in limestone
rounds, the last locations are shown in Table V for DCSM and in
Table VI for PSM. With PSM, the gauges are moved further away
from the hole towards the free surface by blasting.
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Figure 5—Pressure (kPa) at gauge 2 versus time
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Figure 6—Compression at gauge 2 versus time

Conclusion

Numerical simulations of blasting using conventional DCSM and
the newly developed PSM were, for the first time, successively
compared by using Autodyn software. The simulations clearly
revealed that the blasting performance with PSM was better
than that with DCSM, as indicated by most of the measured
parameters, in both limestone and Rock II.

Plaster stemming results in high stresses due to the more
effective confining of gases inside the blast-holes. In the case of
drill cuttings stemming, much of the blast energy is wasted by

The Journal of the Southern African Institute of Mining and Metallurgy

o || em—1)dent 0 - de :
4110 | .. <+ (2ldent 1 - plaster o L --------- A
e (ldent 2 - dc

3*109 s (f)ldent 3 - pl

e [0 SO SO S LRSI S S—
w
2 110
5 L e e Rt SR
('S
o

0*10’

L R e e S

20—

0,0 0,2 0.4 0,6 0,8 1,0
TIME{milisecond)

Figure 7—Y component of force (mN) at gauge 2 versus time
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Figure 8—Internal energy (J/kg) at gauge 2 versus time

the gases escaped from the hole. Previous work (Cevizci, 2012
2013, 2014) has shown than the measured PPV values are higher
with PSM compared to DCSM. For instance, in one blasting test
with the same amount of explosive per delay (Cevizci, 2017),

the PPV with PSM was approximately twice that measured using
DCSM. The initial shock waves due to the better confinement with
moulding plaster are responsible for this increased efficiency of
the blast energy used in rock breakage.

Site tests support these numerical simulation results. Blast-
induced vibration is increased by using plaster stemming instead
of drill cuttings stemming. These indicators show that energy is
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Figure 9—Acceleration-Y (m/s? at gauge 2 versus time

Table V

The coordinates of moving gauges after blasting with
DCSM

Gauge X (mm) Y (mm)

2 2.03425E+03 5.08726E+01
K] 2.04371E+03 5.14698E+01
4 2.00611E+03 4.91892E+01
Table VI

The coordinates of moving gauges after blasting using
PSM

Gauge X (mm) Y (mm)

2 2.03430E+03 5.09098E+01
3 2.04379E+03 5.15781E+01
4 2.00505E+03 5.15463E+01

transferred to the rock more effectively. /n situ test results such
as better muckpile fragmentation and higher vibration levels
with PSM are confirmed by the numerical simulation results.
Consequently, because the total drilling and blasting cost with
PSM is approximately 20% lower, and the fragmentation is better
Cevizci, 2012), PSM should be preferred in blasting operations.
Plaster is a cheap material. /n situ application of the PSM is
slightly difficult, but currently a project is under way on the
mechanization of PSM. ANFO is water-resistant and the plaster
solution can cause problems. However, using a little drill cuttings
in conjunction with plaster can solve this problem.
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