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Abstract. To study the blasting and rock-breaking effects of stemming materials and their mechanisms, the friction force tests
on various stemming materials were conducted as well as field experiments involving blasting of concrete specimens under
different stemming conditions. The internal blasting stress and fragmentation of the specimens after blasting were analyzed, and
further discussions on rock blasting damage were conducted through numerical simulations. The results revealed that when
stemming materials were used, the internal blasting stress within the rock was higher, and the size of rock fragments after
blasting was smaller. Moreover, under stemming conditions, the distribution range of internal blasting stress widened, the stress
peak increased, and the extent of rock damage and fragmentation area increased. The sealing performance of stemming
materials was closely linked to their frictional resistance and sealing capability. Among the materials studied, polyurethane foam
material demonstrated superior stemming effectiveness and convenient usage, making it a promising choice for engineering
applications. These research findings provide valuable guidance for blasthole stemming in rock blasting scenarios.
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1. Introduction

Currently, borehole blasting technique is mainly used in
underground geotechnical engineering (Chen ef al. 2021a,
Li et al. 2009, Konya and Walter 2003), and the stemming
of blastholes has become an important practice in the
construction process. Previous studies have highlighted the
significance of stemming during blasting. Firstly, stemming
facilitates the complete reaction of explosives within the
blasthole, extending the duration of explosive gas action in
the rock (José et al. 2007, Cevizci and Ozkahraman 2012,
Onder et al. 2007, Lee et al. 2009, Otuonye et al. 1983,
Choudhary and Rai 2013, Sazid et al. 2012). Secondly, it
increases the effective stress of shock waves, enhancing the
breaking of rock and improving the blasting effectiveness,
which ultimately reduces blasting costs (Sazid ef al. 2012,
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Dally et al. 1975, Kojovic 2005). Lastly, stemming
effectively reduces blast punching and enhances blast safety
(Kojovic 2005, Zhang et al. 2020, Fourney et al. 1981,
Brinkmann 1990). However, it is common for workers in
underground mining, tunnel excavation, and other
underground construction projects to neglect stemming the
blastholes after loading explosives. This is primarily
attributed to the tedious nature of stemming operation and
the desire to streamline operations and save time. While
some projects employ traditional stemming materials like
clay and mud, their effectiveness in rock fragmentation is
unsatisfactory. Currently, on-site stemming materials such
as expanding agents include polyurethane foam agents.
Additionally, materials like steel molds and plastic molds
are also utilized. The reasons behind the contrasting effects
of various stemming materials on rock fragmentation during
blasting remain unclear. Hence, it is essential to conduct
comprehensive research to understand the action
mechanism and evaluate the blasting and rock-breaking
effects under different stemming conditions.

Several researchers have conducted relevant research on
the effectiveness of various stemming materials. Ma et al.
(2020) introduced a novel stemming method that combines
the use of mud stemming and expanding foam materials.
The results indicated that this method offers several
advantages over traditional stemming methods. These
include enhanced stemming effectiveness, reduced specific
consumption of explosives, and increased blast penetration.
Chen et al. (2021b) conducted a theoretical analysis of the
force mechanism involved in stemming. Subsequently, they
proposed a time-sharing piecewise solution method for
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modeling the movement process of the stemming structure
using the time-space discretization approach. The results
demonstrated that factors such as explosion load, duration
of detonation gas, sliding friction coefficients, borehole
diameters, and stemming length significantly affect the
movement of the stemming structure. Furthermore, the
reliability of the proposed method has been preliminarily
verified through field applications. Zhang et al. (2021)
conducted blasting experiments on cylindrical granite
specimens under different stemming conditions. They
discovered that, at a specific charge-to-mass ratio, fully
sand-stemmed blasting yielded better fragmentation
compared to partially steel-stemmed blasting. The partially
steel-stemmed blasting led to earlier gas jetting at the neck
of the blasthole in comparison to fully sand-stemmed
blasting. Liu et al. (2015) conducted a feasibility analysis
and model experiment on the application of mud-based
stemming material. The results demonstrated that the
composite filling structure comprising mud-based stemming
material and river sand effectively resolved the stemming
issue. Yan et al. (2014) implemented a water-soil composite
stemming method in tunnel excavation. They observed that
a significant higher blasthole pressure generated during
blasting compared to pure clay stemming. This finding was
further confirmed through practical engineering examples.
Liu ef al. (2021) utilized ANSYS/LS-DYNA software to
analyze the effects of different initiation methods and
stemming materials on rock drilling. The results indicated
that clay and water-based stemming methods resulted in
more uniform stress disturbance and prolonged stress
duration during initiation, ultimately leading to improved
overall blasting effects.

Previous literature primarily focused on analyzing the
blasting effects of one or two types of stemming materials.
Building upon the achievements of the aforementioned
scholars, this paper aims to further investigate this topic. In
this study, four different stemming materials, namely clay,
polyurethane foam agent, steel mold, and plastic mold, were
selected for examination. Additionally, a control group
without stemming was included for comparison. The
blasting rock-breaking effects of these materials were
thoroughly analyzed and compared. The study reveals that
(Chen et al. 2021b, Zong 1996, Luo and Shen 2006), with
consistent stemming length as a condition, the main factor
influencing the effectiveness of stemming was the frictional
resistance between the stemming material and the blasthole
wall. Therefore, the first step involved testing the frictional
forces of the various stemming materials. Secondly, field
blasting experiments were conducted on concrete specimens
filled with cement mortar under different stemming
conditions. The blasting effectiveness was evaluated by
considering the effective stress (José et al. 2007, Cevizci
and Ozkahraman 2012, Onder et al. 2007, Lee et al. 2009,
Otuonye et al. 1983) for rock breaking and the degree of
specimen fragmentation (Zhang et al. 2021). In the third
phase, finite element numerical simulations were performed
using ANSYS/LS-DYNA software to compare the
effectiveness of stemming under different stemming
conditions. Stress nephogram, stress-time curves, and
damage nephogram were analyzed to evaluate the stemming
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effects. The results of the numerical simulations were then
compared with the findings from the field blasting
experiments. Finally, the action mechanisms for different
stemming materials were discussed

2. Experiments
2.1 Friction experiment

The frictional forces of the four different types of
stemming materials were tested using the pull-out method.
These materials included clay, polyurethane foam agent,
steel mold, and plastic mold. The anchor rod pull-out tester
was used to measure the frictional forces. Fig. 1 shows the
stemming materials and the testing method. To conduct the
tests, concrete was poured into a 300 mm*200 mm iron
mold, leaving a mock blasthole with a diameter of 40 mm
and a depth of 100 mm. For the steel mold and plastic mold,
steel bars were welded onto the upper part. They were
inserted into the blasthole and subsequently pulled out. As
for the polyurethane foam material, it was poured into the
blasthole and allowed to cure, after which a homemade steel
bar was used to extract it. The same approach was
employed to test the clay. The measurement results can be
observed in Fig. 2.

Based on the observations in Fig. 2, the ranking of
frictional resistance generated by different stemming
materials on the blasthole wall can be summarized as
follows: steel mold > plastic mold = polyurethane foam
agent > clay. The steel mold exhibited the highest frictional
resistance because its outer casing fastened into the
blasthole wall. In contrast, the plastic mold was inserted as
a whole into the blasthole, resulting in significant frictional
resistance for both materials. Clay, being a loose material,
exhibited relatively low frictional resistance against the
blasthole wall. On the other hand, the polyurethane foam
material formed a solid seal, completely filling the
blasthole's cross-section. It adhered firmly to the blasthole
wall, and the frictional resistance it generated against
external forces originated from the bonding force between
the material and the blasthole wall (Xu et al. 2023, Wang et
al. 2023). The adhesive ability of the polyurethane foam
material allowed it to generate substantial frictional
resistance when subjected to external pushing forces. This,
in turn, greatly enhanced the frictional force between the
material and the blasthole wall, thereby imposing strong
constraints on their relative movement.

2.2 Blasting experiment

2.2.1 Experimental method

The blasting experiment was conducted in 5 groups,
with each group consisting of 3 specimens, resulting in a
total of 15 cement mortar concrete experiment specimens.
The dimensions of these specimens are 400 mm*400
mm*400 mm, and they included a reserved central
blasthole. The blasthole had a depth of 200 mm and a
diameter of 40 mm. The mechanical parameters of the
specimens, obtained through indoor testing, are presented in
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Fig. 2 Frictional forces of different stemming materials

Table 1 Mechanical parameters of the concrete experiment specimens

parameters value parameters value
specimen density p (kg/m?) 2.1 young's modulus £ (MPa) 316
uniaxial compressive strength oc (MPa) 15.8 poisson's ratio u 0.25
tensile strength ot (MPa) 1.5 internal friction angle ¢ (°) 31

Table 1. Prior to pouring, strain bricks with the same
material composition as the specimens were prepared in
advance. Strain gauges were attached to these strain bricks.
Each specimen contained two strain bricks embedded at
distances of 50 mm and 100 mm from the blasting center,
respectively. The initiation of the experiment employed
electronic detonators, and 2nd grade emulsion explosives
were chosen for charging. Each concrete experiment
specimen required 50 g of explosives, measured using an
electronic scale, with a charging length of approximately
50mm. The length of stemming was consistent for each
group, set at 100mm. The blasting experiment equipment
and procedure can be seen in Fig. 3.

The first group of experiment specimens remained
unstemmed, while the remaining four groups utilized four
different stemming materials. For specimens stemmed with
clay and polyurethane foam material, a curing period of
approximately 15 minutes was allowed prior to the blasting
operation. In the case of the steel mold and plastic mold, there
was a gap of approximately 5 mm on one side between the
molds and the blasthole wall. This gap served as a
pathway for the detonator wires, and the molds were
securely fastened before the blasting operation. The
experimental requirements are shown in Table 2.

2.2.2 Rock fragmentation results
The fragmented rocks resulting from the explosion were
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Table 2 Experimental requirements

Stemming materials ~ Control group Clay

Polyurethane foam agent

Steel mold Plastic mold

Remained
unstemmed

Experimental
requirements

Curing period of approximately 15 minutes
was allowed prior to the blasting operation

Gap of approximately 5Smm on one side
between the molds and the blasthole
wall

collected and arranged in an organized manner. To calibrate
the actual size of the rocks in the photos, a 300 mm
measuring tape was placed within the blast pile as a
reference object, as shown in Fig. 4. It is evident that all the
experiment specimen models were completely destroyed,
resulting in irregularly shaped fragments of varying sizes.

The longest fragment measured reached a length of 281
mm. Following the photo documentation, the Split-Desktop
software, which utilizes image processing technology, can
be employed to analyze the rock fragmentation and
accurately determine the sizes of the fragments.
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Fig. 6 Typical dynamic strain-time curves of blasting under different stemming conditions

Therefore, the Split-Desktop software was used to
analyze the size of the rocks following the explosion. The
process involved importing the images into the system and
annotating the actual size of the reference object.

Subsequently, the edges of the rocks were delineated
(Xie et al. 2021). Using the algorithms within the Split-
Desktop software, the analysis entailed examining the sizes
of rocks at various levels and determining the proportion of
different sizes within the blast pile under different
stemming conditions, as shown in Fig. 5.

Based on the fragmentation size statistics above,
noticeable differences in fragment size were evident
following blasting under different stemming conditions.
Among them, the unstemmed group showed larger average
fragment sizes, with over 60% of the fragments measuring
above 50 mm, and more than 10% exceeding 150 mm in
size. Clay material stemming also resulted in over 50% of
the fragments exceeding 50 mm in size. In contrast, the
polyurethane foam material, steel mold, and plastic mold
stemming yielded smaller fragment sizes, with the majority

of fragments measuring below 50mm. The overall
distribution of fragment sizes for these three materials
showed relatively minor variations. By employing
stemming within the blasthole, the energy generated by the
explosives was more effectively utilized for rock
fragmentation, thereby reducing the occurrence of larger
rock fragments.

2.2.3 Blasting stress results

By capturing and processing waveform data, typical
dynamic strain-time curves for blasting under different
stemming conditions were obtained. These curves are
shown in Fig. 6.

Based on Fig. 6, it is evident that the peak strain at a
distance of 50mm from the blasting center was notably
higher compared to the strain at 100mm. This observation
suggests that as the location gets closer to the center of the
blasting source, the stress generated during the explosion
increased, leading to greater resulting strain.
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Fig. 7 Peak stress

According to Hooke's Law (Yuan et al. 2022), the stress
applied to an object is directly proportional to the strain it
produces, within the elastic limit. This relationship can be
expressed by the Young's modulus, as shown in Eq. (1). The
peak stress at each measurement point was calculated using
formula in Eq. (2).

_F/A
CAL/L, M

Where Fa represents compressive or tensile force; A
represents cross-sectional area or the cross-section
perpendicular to the applied force; AL represents the change
in length (negative for compression, positive for tension);
Lo represents the original length.

o=Ee 2)

Where o represents stress; E represents Young's
modulus; and ¢ represents strain. By using equation (1) and
(2), stress can be calculated based on strain. Given that
Young's modulus is known, the average values of the peak
stresses can be obtained as shown in Fig. 7.

From the graph above, it is evident that the stress
exerted on the rock increased as the distance to the blast
center decreased. Conversely, as the distance from the blast
center increased, the stress decreased significantly. Due to
the substantial energy generated during the explosion, the
variations in internal blasting stress within the rock under
different stemming conditions were relatively minor,
ranging from several hundred to one thousand MPa. When
polyurethane foam material, steel mold, and plastic mold
were used for stemming, the internal blasting stress within
the rock was higher. Clay material for stemming followed,
and the stress was the lowest when no stemming was used.
Stemming enhanced the effective stress of the explosive
shock wave for rock fragmentation, rendering the rock more
susceptible to crushing and fragmentation.

3. Numerical simulation
3.1 Numerical modeling

The ANSYS/LS-DYNA software was used to
established a numerical model that corresponded to the
blasting experiment. Through numerical simulations, a
comparative analysis of the stemming effects under
different conditions was conducted, and the results were
compared with the actual blasting experiment. To simplify
the calculations and capitalize on the model's symmetry, a
numerical model of the blasting finite element was
constructed with a 1/4 size, centered on the blasthole. The
model comprised four components: rock, explosive,
stemming, and air. It has dimensions of 200 mm in length
and width, with a height of 400mm. The blasthole measured
200 mm in depth and 40mm in diameter. The charging
length was 50mm, while the stemming length was 100 mm.
The symmetry plane of the model was constrained using the
displacement phase-shift constraint. The upper part of the
model was designated as a free surface, while the other
surfaces was set as boundaries with non-reflective boundary
conditions (LSTC 2003, Li et al. 2023a, Xu et al. 2021,
Wang et al. 2021a). The model was meshed using
SOLID164 solid elements. The fluid-structure coupling
algorithm was applied, utilizing ALE (Arbitrary
Lagrangian-Eulerian) elements for air, explosive, and
stemming, while Lagrange elements was used for the rock.
The parameter units were set to cm-g-ps. The blasting time
was set as 100 ps, with an output time interval of 1us. The
blasting initiation point was positioned at the bottom of the
blasthole. For visualization purposes, Fig. 8 shows the
numerical model and its meshing.

3.2 Parameter selection

3.2.1 Parameters of the rock material
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Table 3 Parameters for the explosive material and equation of state parameters
parameters value parameters value
explosive density pe (kg/m?) 1.2 material constant R1 5.2
detonation velocity 7 (m/s) 5200 material constant R2 2.1
chapman-Jouguet pressure P (GPa) 21 material constant w (GPa) 0.5
material constant 4 (GPa) 485.2 initial internal energy Ei (GPa) 4.12
material constant B (GPa) 6.4
Table 4 Parameters for the air material and equation of state parameters
parameters value parameters value
air density p (kg/m®) 1.29X107 material constant Cs 0.4
material constant Co 0 material constant Cs 0.4
material constant Ci 0 material constant Cs 0
material constant C2 0 initial internal energy E (GPa) 0.025
material constant C3 0

The rock material parameters were chosen based on the
RHT material parameters (Tu and Lu 2010). This material
model encompassed compression and tensile failure, strain
rate effects, strain hardening, and stress softening
phenomena of the material. It provided a comprehensive
representation of the dynamic mechanical behavior of
brittle materials under various stress states, making it
particularly suitable for simulating rock blasting and other
nonlinear dynamic impact problems involving significant
deformations and high strain rates. The rock parameters are
listed in Table 1.

3.2.2 Equation of state and parameters for the
explosive material

The calculation model for the explosive material was
*MAT HIGH_EXPLOSIVE BURN, which utilized the
*EOS_JWL equation of state to represent the correlation
between volume and pressure of the explosion products
following detonation (Mackerle 1999, Wang et al. 2021b).

The JWL equation is represented as follows

Pop|1--2 |e® 1B|1--2 |e® + 25 3)
RV RV v

Where P represents the pressure of the explosion
products; ¥ represents the relative volume of the explosion
products; Eo represents the initial specific internal energy of
the explosion products; 4, B, R, and R, are material
parameters.

The parameters for the explosive material and the
equation of state parameters can be found in Table 3.

3.2.3 Parameters for the air material

The calculation model for the air material was
*MAT NULL, and the *EOS LINEAR POLYNOMIAL
equation of state was used to define the air model. The
equation of state is as follows

P=C, ""CLU"'Cz/u2 +C3,u3 +(C, +C5ﬂ+Ceﬂ2) (4)
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Table 5 Clay material parameter

parameters value parameters value

clay density p (kg/m?) 1.8 poisson's ratio u 0.33

Tangent modulus £. (MPa) 0.13 yield strength o5 (MPa) 0.77

elasticity modulus £ (MPa) 1.38 internal friction angle ¢ (°) 30

Table 6 Polyurethane foam material parameter

parameters value parameters value

polyurethane density p (kg/m?) 1.9 poisson's ratio u 0.35
Cohesion ¢ (MPa) 0.018 yield strength os (MPa) 0.92

elasticity modulus £ (MPa) 17 internal friction angle ¢ (°) 40

Where C; represents the parameters of the equation of
state; £ represents the initial specific internal energy per
unit relative volume; V represents the relative volume.

The parameters for the air material and the equation of
state parameters can be found in Table 4.

3.2.4 Parameters for the stemming material

The material parameters for the stemming unit were
defined based on the findings derived from the indoor
testing. The maximum frictional force between the
stemming unit and the blasthole wall was based on the
results obtained from the pull-out experiment. To ensure the
parameter coherence in numerical simulation, we conducted
numerical simulations using three scenarios: no stemming,
clay stemming, and polyurethane foam stemming.

For the clay material, the
*MAT PLASTIC KINGEMATIC elastoplastic model was
used, with its corresponding material parameters presented
in Table 5.

The polyurethane foam material was modeled using the
SOIL AND FOAM material model, which was suitable for
simulating expanding foam materials. The material
parameters for this model are shown in Table 6.

3.3.1 Model stress analysis

To study the propagation characteristics of the stress
waves in rocks under the different stemming conditions,
stress nephogram of rock specimens was extracted at
different time intervals, as shown in Fig. 9. The stress
nephogram, from left to right, corresponded to time
intervals of 30 us, 40 ps, 50 s, and 100 ps.

Based on the stress nephogram, it is apparent that during
the initial stage of the explosion, stress waves propagated in
an arc-shaped waveform from the bottom of the blasthole.
Subsequently, they rapidly spread in a fan-shaped pattern
towards the surrounding areas. As the shock wave
propagated, rocks in proximity to the explosive experience
rapid destruction, resulting in the formation of a fractured
zone near the blasthole. The combination of the wedging
effect of the stress wave and the explosive gases generated
tensile stress within the rocks, leading to their tensile
failure. As time progressed, the stress wave continued to
propagate. However, due to the stemming effect, the stress

wave experienced deformation and was accompanied by
stress concentration phenomena. This results in the
formation of strengthened stress wave zones on both sides
of the blasthole, ultimately enhanced the fragmentation of
the rocks. In the later stage of the explosion, the rocks in the
upper part of the model had already undergone
fragmentation, while the residual stress continued to
affected the rocks at the bottom of the model. It was evident
that due to the stemming effect, the stress wave showed a
broader impact range at the bottom of the model, resulting
in stronger damage to the rocks in that area. When
comparing clay and polyurethane foam materials, it was
observed that the use of polyurethane foam material for
stemming led to a stress wave with a wider impact range
within the model. This indicates that a larger portion of the
stress generated by the explosive was exerted on the rocks,
thereby resulting in a more effective stemming effect.

To study the stress propagation characteristics within the
numerical model of rocks, monitoring points were
strategically chosen. These points were located at a distance
of 50 mm from the detonation center (H15360 element) and
at a distance of 100 mm (H13140 element), as shown in
Fig. 10. The stress conditions experienced by these
monitoring points under different stemming conditions were
analyzed.

By examining the stress-time curves at different
monitoring points, it became evident that the shapes of the
stress-time curves were similar across the three different
stemming conditions. However, there are variations in the
peak stress values generated during detonation. The highest
peak stress value was observed when using the
polyurethane foam material for stemming, followed by the
clay material, while the non-stemmed blasting condition
showed the lowest peak stress value. This observation
suggests that stemming and detonation intensified the effect
of explosive gases within the rock, resulting in a more
focused impact from the detonation shock wave on the
internal rock structure. Consequently, higher stress levels
were experienced, facilitating the rock fragmentation. When
comparing the stemming effects of polyurethane foam
material and clay material, it became obvious that
polyurethane foam material demonstrated superior
stemming capabilities, as evidenced by the higher peak
stress levels observed.
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Fig. 9 Stress nephogram of rocks at different times after an explosion

Fig. 10 Monitoring point locations

The comparison between the measured stress values from
the blasting experiment and the numerical simulation results
can be seen in Fig.12.

From Fig. 12, it is observed that the measured stress
magnitudes from the blasting experiment exceeded the values
obtained from numerical simulation calculation, which is
because numerical simulations cannot fully consider all the
influencing factors in reality. Moreover, the disparity became
more obvious as the distance to the detonation center
decreased, corresponding to a smaller scaled distance. This
observation aligns with the information reported in the
literature (Xin ef al. 2019). However, despite the discrepancies,

the numerical simulation results showed a satisfactory level of
similarity with the blasting experiment. In terms of stress
magnitude at different distances from the detonation center, it
was observed that the highest stress levels were experienced
when polyurethane foam material was used for stemming,
followed by clay material, while the non-stemmed condition
produced the lowest stress levels.

3.3.2 Model damage analysis

To explore the damage evolution in rocks under
different stemming conditions, damage nephograms were
extracted at different time intervals. To facilitate a
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comprehensive observation of the internal damage in the
rock, the 1/4 model was mapped to represent the entire rock
mass for analysis and visualization. Fig. 13 presents the
damage nephogram from left to right, corresponding to time
intervals of 30 us, 40 us, 50 ps, and 100 ps, illustrating the
progressive evolution of rock damage over time.
Additionally, Fig. 12 shows the damage nephogram from
left to right, representing time intervals of 30 us, 40 ps, 50
us, and 100 ps, showcasing the visual representation of the
damage evolution in the rocks. To assess the extent of
damage imposed on the rocks due to blasting, a damage
factor denoted as D (Li et al. 2023b, He and Yang 2003)
was used. The degree of fragmentation was described using
this factor. When D = 0, it indicates that the rock remained
undamaged. However, when D > 0, it signifies that the rock
had experienced varying levels of damage. A value of D =1
indicates complete fragmentation or total damage to the
rock.

From the figure above, it is apparent that following the
detonation of explosives, rocks under different stemming
conditions experienced damage (0 < D < 1) or

fragmentation (D = 1) primarily at the bottom of the
blasthole due to the impact of the blast wave. The
morphology patterns of rock damage under the three
different stemming conditions showed general consistency.
The instantaneous detonation at the bottom of the blasthole
generated superimposed high-pressure stress waves, which
rapidly fractured the rock under the influence of the
detonation shock wave. Consequently, various-shaped
cavities formed at the bottom of the blasthole. As the
explosive action continued, these cavities progressively
expanded and increased in volume.

At the early stage of 30 ps before the explosion, a damaged
area emerged at the bottom of the blasthole in the rock.
Subsequently, this damaged area gradually expanded. In the
case of non-stemmed blasting, an "umbrella-shaped" damaged
area formed in the lower part of the blasthole. However, due to
the presence of stemming material, the detonation shock wave
generated by the explosion reacted to propagate towards the
sides of the blasthole. This resulted in the formation of a
"funnel-shaped" damaged area at the bottom of the blasthole,
with a narrower upper part and a wider lower part.
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Furthermore, the contour of the damaged area at the bottom of
the blasthole, under the stemming effect of polyurethane foam
material was larger compared to the clay material. As the
explosion time increased, the damage area and destruction in
the model gradually expanded. By 50 ps, the damaged area had
essentially extended to the boundaries of the model. By 100 ps,
the extent of damage and destruction in the model stabilized. In
all three different stemming conditions, the rock models
showed large cavities. In comparison to the non-stemmed

condition, the cavities formed after the explosion under
stemming conditions were larger. Moreover, the bottom of the
model experienced a more extensive area of damage and
destruction. The damage and fragmentation area following the
explosion with polyurethane foam material as stemming was
larger, indicating a more favorable stemming effect.

To study the variation of damage at different locations
within the rock under different stemming conditions, two
monitoring points, H15360 and H13140, were selected.
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These points were located at distances of 50 mm and 100
mm from the blast center, respectively. The damage time-
history curves obtained for these monitoring points under
different stemming conditions are shown in Fig. 14.

From the graph, it is evident that at the monitoring point
located 50 mm from the blast center, damage initiated after
tens of microseconds from the initiation of the explosion.

Before reaching 40us, all three different stemming
conditions demonstrated significant levels of fragmentation
at the monitoring point. At the monitoring point located
100mm from the blast center, damage began to occur
around 40ps. As the explosion duration increased, the extent
of damage at this monitoring point escalated to varying
degrees under the three different stemming conditions.
Comparatively, the damage observed during stemming
conditions was considerably higher than that observed in
the unstemmed condition. Furthermore, the time at which
the monitoring point reached fragmentation (D=1) was
earlier in the stemming condition than in the unstemmed
condition. This disparity arose because stemming
intensified the effect of stress waves generated by the
explosion within the interior of the rock. The monitoring
point experienced higher levels of stress during stemming,
leading to increased damage compared to the unstemmed
condition. Additionally, the time at which the monitoring
point reached fragmentation occurred earlier during
stemming. The higher level of damage observed at the
monitoring point during stemming, particularly occurred
when using polyurethane foam as the stemming material
compared to clay, indicating the more effective stemming
effect of polyurethane foam.

4. Discussion
4.1 The necessity of stemming

Based on the results of the blasting experiment, it was
evident that the application of stemming to the blastholes led to
higher internal blasting stress within the rock and resulted in
smaller fragmentation of the rock mass. The numerical
simulation results were consistent with the blasting
experimental results, further confirming that when stemming
was used in the blastholes, the fragmentation extent following
the explosion was wider, the level of damage to the model was
higher, and the time required for the rock to undergo damage
and reach fragmentation is shorter.

During the explosion of the explosive, high-temperature
and high-pressure gases rapidly exerted pressure on the
specimen. In the absence of stemming, the explosive gases
escaped from the blasthole, resulting in a decrease in internal
pressure and a loss of energy during the explosion, reducing
the destructive effect on the test specimen. However, when
there was stemming in the blasthole, the stemming material
prolonged the effective action time of the explosive gases on
the test specimen, allowing a better utilization of energy for
rock fragmentation. Stemming increased the effective stress of
the explosive shock wave on rock breaking, making the rock
more susceptible to crushing and damage, thereby reducing the
occurrence of large intact rock masses. Consequently,

stemming in blastholes was essential during blasting
operations.

4.2 The mechanism of stemming

Following the explosion of the explosives, axial stress
waves were generated in the blasthole, exerting pressure on
both the surrounding rock and the stemming materials. In
accordance with the laws of momentum and energy
conservation, the stemming material experienced two main
processes of motion within the blasthole. The first stage
involved microscopic motion, whereby the blast-induced gases
compressed the stemming material, leading to lateral
expansion. Due to the radial confinement imposed by the
blasthole, when the pressure wave reached the blasthole
opening, the stemming materials started moving. The second
stage involved macroscopic motion, where the outward
expansion force (P) exerted by the blast-induced gases
surpassed the self-weight of the stemming material and the
frictional force (F) between the stemming material and the
blasthole wall. Consequently, the stemming material
collectively moved outward until it was expelled from the
blasthole (Zong 1996, Luo and Shen 2006).

In practical terms, the self-weight of the stemming
material was relatively small compared to the frictional
resistance between the stemming material and the blasthole
wall. Therefore, it was neglected in the analysis.
Consequently, when examining the forces acting on the
stemming material during the explosion, it was obvious
that, under consistent blasting parameters and stemming
length, the sealing effect primarily relied on the frictional
resistance generated as the stemming material moved within
the blasthole under the impact. This frictional resistance
was influenced by the properties of the stemming material
itself and the roughness of the blasthole wall. Therefore, it
was closely associated with the frictional properties of the
stemming material and the roughness of the blasthole wall.

Based on the data presented in Figure 2, the frictional
force ranking for different stemming materials is as follows:
Steel Mold > Plastic Mold =~ Polyurethane Foam > Clay.
Moreover, when considering the effectiveness of the
stemming materials, the ranking is as follows: Polyurethane
Foam =~ Hollow Steel Mold ~ Plastic Mold > Clay. This
suggests that the effectiveness of stemming materials was
influenced by both the frictional force and the sealing
capability between the stemming materials and the blasthole
wall.

* Clay material was considered as a loose type of
stemming material, which generated less frictional
resistance with the blasthole wall. When explosives
detonated, it led to the phenomenon of blasthole punching
(as shown in Fig. 15(a)). Although provided complete
stemming of the blasthole, its stemming effectiveness was
relatively poor compared to other stemming materials.

* Both the steel mold and plastic mold had a higher
frictional force; however, due to the necessity of a channel
for the detonator wires, they were not entirely sealed during
stemming. As a result, during detonation, some high-
pressure gas escaped through the gaps between the mold
and the blasthole wall, leading to energy dissipation (as
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shown in Figure 15(b, c)). This partially reduced the
effectiveness of stemming to some extent, and their usage
entails certain safety hazards.

¢ Although polyurethane foam material did not possess
the highest frictional force, its exceptional sealing
properties allowed the explosive gases to act more
effectively on the rock, resulting in a more comprehensive
rock fragmentation. Consequently, polyurethane foam material
demonstrated a better stemming effectiveness.

In conclusion, polyurethane foam material for stemming
offered several advantages: it exhibited strong adhesion to the
blasthole wall, generating significant bonding strength and
providing substantial frictional resistance. The foam's
expansion and solidification created a complete seal within the
blasthole, ensuring more effective confinement of the
explosive gases, minimizing their escape, and allowing them to
exert a greater effect on the rock. Additionally, the self-
expanding properties of the polyurethane foam mixture made it
easier to place at the blasthole opening, simplifying the
operation. Overall, polyurethane foam material exhibited great
potential for practical applications in engineering projects.

5. Conclusions

In this study, an analysis and comparison of the blasting
effect on rock breaking under different stemming conditions
were conducted, along with a study on the mechanism of
stemming. Based on the results obtained from the blasting
experiment under different stemming conditions, several
observations can be made. The presence of stemming led to
greater internal blasting stress within the rock, and the
blasting stress decreased significantly with an increasing
distance from the blasting center. Moreover, the use of
stemming materials resulted in smaller rock fragmentation.
Among the different types of stemming materials examined,
polyurethane foam, steel mold, and plastic mold exhibited
better stemming effects, with a majority of the post-blasting
rock fragments being below 50 mm in size. On the other
hand, the stemming effect of clay was comparatively less
effective (poor).

The numerical simulation results correlated well with
the conclusions drawn from the blasting experiment. When
stemming was implemented, the range of rock affected by
the blasting stress wave was wider, and the overall stress
exerted on the rock increased. Similarly, as the distance
from the blasting center increased, the magnitude of internal
blasting stress within the rock decreased significantly. The
presence of stemming led to elevated levels of rock damage,
earlier fragmentation, and a larger area of fragmentation.
The numerical simulation results validated the superior
stemming effect of polyurethane foam material compared to
clay material.

The sealing performance of the stemming materials was
closely linked to their generated frictional resistance and
sealing capability. Polyurethane foam material exhibited
strong adherence to the blasthole walls, creating a strong
bond and providing significant frictional resistance. This
ensured a complete stemming state, effectively reducing the
escape of explosive gases and maximizing their impact on

the rock. Furthermore, the use of polyurethane foam
material was relatively simple and easy, making it a
promising option for engineering applications.
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