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Abstract

Purpose. In open-pit andesite quarrying, maintaining slope stability during blasting is a critical operational and safety con-
cern. While previous research has focused primarily on peak particle velocity (PPV) and empirical vibration thresholds de-
rived from coal or limestone mines, a gap remains in understanding the directional effects of blast-induced ground accelera-
tions and their direct link to slope failure in fractured, hard rock environments.

Methods. This study integrates multi-directional, field-measured peak particle acceleration (PPA) data with detailed topo-
graphic and geometric slope analysis. By employing scaled distance (SD) attenuation models and pseudo-static stability mode-
ling, it identifies critical thresholds for slope safety under real blasting conditions. The analysis differentiates between measure-
ment points behind, in front of, and beside the slope, revealing the role of topographic effects in the propagation of vibration.

Findings. Results show two distinct patterns of PPV attenuation: locations behind the slope (LP1, LP2) experienced higher
and more rapidly decaying PPVs due to topographic amplification, while front/side points (LP3, LP4) exhibited flatter attenua-
tion trends. The transversal PPA component was consistently dominant, and modeling demonstrated that the factor of safety
fell below the critical threshold when horizontal acceleration exceeded 0.17 g. This threshold serves as a practical upper limit
for safe charge design in similar andesite settings.

Originality. The study presents the first comprehensive, field-based evaluation that links directional ground motion meas-
urements, local slope geometry, and critical acceleration thresholds for slope failure in an andesite quarry, thereby moving
beyond generalized empirical models and providing actionable, site-specific blast design guidance.

Practical implications. The findings support the adoption of site-calibrated vibration monitoring and directional analysis
in blasting operations, enabling more precise control of charge limits and minimizing geotechnical risk — essential for main-
taining safe and efficient extraction in quarries near sensitive infrastructure.
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1. Introduction velocity (PPV) and peak particle acceleration (PPA). These
Open-pit mining operations in andesite quarries play a vibration magnitudes depend on the explosive load’s weight

crucial role in supplying the essential construction materials and location relative to the point of interest, often examined

necessary for infrastructure development in rapidly develop-  through scaled distance functions, SD = R/Q [3], [4].

ping regions. The demand for constructing modern societies Both PPV and PPA decrease as scaled distance increases,
has necessitated the intensified extraction of high-quality but larger explosive charges or closer proximities of blasting
crushed stone, such as andesite, from these quarries [1]. ~ area are resulting in higher vibration levels and previous

Andesite, valued for its compressive durability, is excavated ~ Studies .conducted by Kesimal et al. [5] and‘ Liu et al.. [6]
through bench detonations that progressively expand the emphasize that even slight hlke.s in PPA, parpcu}arly within
excavation perimeter. However, amplified production the range of 0.1-0.2 g, can drastically uqderrpme in the factor
requirements have brought about more frequent explosive  ©Of safety (FoS) for the slopes. These vibrations can weaken
dismantlings, heightening concerns regarding their impact on slope material by amplifying shear stresses, especially in
slope security near operational routes and facilities. Slope pre-fractgred rock Mmasses. . . .
failures in such settings potentially endanger workers and Despite extensive literature addressing blast-induced vi-
halt work, imposing financial burdens [2]. brations, research explicitly linking PPA to the factor of
Blasting, while efficient for rock fragmentation, induces safety (FoS) for slope stability in andesite quarries remains

vibratory ground motions typically gauged as peak particle notably limited. Previous studies have predominantly fo-
cused on PPV, frequently dependent on numerical simula-
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tions or generalized empirical methods derived primarily
from coal or limestone quarry circumstances [7], [8]. Such
broad approaches inadequately capture the dynamic re-
sponses of stiff, low-porosity rock types, such as andesite.
Additionally, detailed analyses of directional PPA compo-
nents (transverse, vertical, and longitudinal) are scarce, and
the explicit identification of critical acceleration thresholds
directly associated with slope instability is rarely addressed,
resulting in sizable uncertainties in safe blast planning.
Recent advances in statistical modeling, such as copula-
based forecasting, have been proposed as a means of im-
proving the reliability of slope failure prediction, thereby
reducing false alarms and enhancing event detection
in mining settings [9].

Crucially, the integration of scaled distance (SD) methods
with pseudo-static slope stability analyses, achieved through
direct field measurements [10] rather than purely numerical
approaches, has not been comprehensively investigated or
validated, especially in andesite quarry settings. This gap
highlights a significant methodological contribution ad-
dressed by this study. Without specialized, field-based as-
sessments, engineers face constraints in accurately determin-
ing safe explosive charge limits and effectively managing
blast-induced risks in complex geotechnical settings.

This research gap underscores the need for empirical, site-
specific studies to gain a deeper understanding of how blast
vibrations impact slope stability in andesite quarries. In the
absence of precise, field-calibrated models, mining operations
risk substantial financial and safety consequences as produc-
tion intensifies and approaches sensitive infrastructures.

To address these crucial shortcomings, this study pre-
sents contributions by explicitly integrating field-measured,
multi-directional PPA data collected on-site, slope geome-
try ana-lyses, and the specific effects of blast orientation.
Employing site-specific geomechanical parameters and
pseudo-static modeling, this research identifies critical
horizontal acceleration thresholds for slope failure. The
significance of this study lies in providing the first compre-
hensive field-based evaluation that directly connects direc-
tional vibration analysis and slope geometry interactions to
establish maximum permissible explosive charges, offering
guidelines for safer blasting practices in andesite quarries.
As mining operations continue expanding near vulnerable
infrastructure, such integrated and calibrated approaches
become indispensable for ensuring both safety and opera-
tional efficiency [11], [12].

2. Materials and methods

2.1. Study site

This study was conducted in an active andesite quarry lo-
cated in Kulon Progo Regency, Yogyakarta Province, Indo-
nesia. The mining area is situated between 240 and 315 me-
ters above sea level. It features a rock slope composed of
fractured andesite with no groundwater influence, as the
water table lies beneath the pit floor. The overall slope height
is approximately 75 meters with an overall slope angle of
55°, and a critical access road runs along the slope’s toe,
connecting the pit floor (mining area) to the processing plant.
Maintaining the stability of this slope is therefore essential to
ensure both operational continuity and safety, particularly
during and after blasting activities.
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2.2. Data collection

To evaluate the influence of blasting-induced ground vi-
brations on slope stability, a comprehensive dataset was
collected from March to September 2024, consisting of
26 blast events. The data collection process involved four
major components: discontinuity mapping, blasting geome-
try, blast vibration monitoring, and laboratory testing of rock
properties. Discontinuity data were obtained using the scan-
line method, with a focus on mapping the orientation of joint
structures, including dip and dip direction [13]. Measurement
lines ranged from 10 to 30 meters in length, using a geologi-
cal compass, tape measures, and other field tools (portable
GPS units, digital clinometers, geological hammers, and
tablets for digital mapping). Blasting geometry data were
collected for each blast event, including measurements of
burden, spacing, hole depth, subdrill, and stemming length.
These geometric parameters were used to calculate the ex-
plosive charge per delay and to estimate the scaled distance
(SD), a key predictor of vibration intensity [14]. Blast-
induced ground vibrations were recorded using Micromate
seismographs equipped with geophones and microphones.
Vibration data were visualized using Instantel Thor software.
The monitoring network consisted of four stations strategi-
cally positioned around the slope: behind the slope (LP1 and
LP2), in front of the slope (LP3), and beside the slope (LP4)
(Fig. 1), all located within a 200-meter radius from the blast
sources. Each blast event yielded peak particle velocity
(PPV) data, which were subsequently used to estimate peak
particle acceleration (PPA).
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Figure 1. Blast event distribution and elevation profile at quarry
site (A-A' Section)

Adjacent to slope stability issues, geomechanical proper-
ties such as physical and mechanical properties of rock are
required and obtained through laboratory testing at the Rock
Mechanics Laboratory, Department of Mining Engineering,
Universitas Pembangunan Nasional Veteran Yogyakarta.
Physical tests included measurements of natural density, dry
density, saturated water content, degree of saturation, and
porosity (Table 1). Mechanical tests involved uniaxial
compressive strength (UCS), Young’s modulus, and Pois-
son’s ratio (Table 2).



S. Saptono et al. (2025). Mining of Mineral Deposits, 19(4), 63-71

Table 1. Summary of physical properties of andesite samples

Parameter Median Standard deviation
Natural density, g/cm’ 2.76 0.012
Dry density, g/cm? 2.74 0.010
Saturated water content, % 0.56 0.15
Degree of saturation, % 94.74 18.18
Porosity, % 1.53 0.40

Table 2. Summary of the mechanical properties of andesite samples

Parameter Median Standard deviation
UCS, MPa 61.27 14.58
Young’s modulus, MPa 2177.10 526.27
Poisson’s ratio 0.30 0.03

2.3. Data processing

Data processing was carried out to interpret the implica-
tions of blasting on slope safety and to establish safe opera-
tional limits. Discontinuity data were processed using
Rocscience Dips software to identify potential structurally
controlled failure mechanisms (Fig. 2). The input data, in-
cluding dip and dip direction, were plotted on stereonets to
evaluate the likelihood of failures.

Dip | Dip Dir| Label

49° | 259° |Joint Set1
g 54° 114° | Joint Set 2

72° 64 [Joint Set 3

Figure 2. Stereonet projection of discontinuity sets in the rock mass

The stereonet analysis revealed three primary joint sets:
Joint Set 1 (Dip/DipDir: 54°/75°), Joint Set 2 (70°/23°), and
Joint Set 3 (48°/279°). Based on their orientations and the
slope face azimuth, structurally controlled failures such as
planar or wedge failure are likely under unfavorable condi-
tions. These findings were either incorporated into the Slide2
analysis or, if not critical, treated as supporting assumptions
for consideration of the failure mode.

Data processing was carried out to interpret the implica-
tions of blasting on slope safety and to establish safe opera-
tional limits. Discontinuity data were processed using
Rocscience Dips software to identify potential structurally
controlled failure mechanisms. The explosive charge per
delay was computed from the measured blast geometry, and
when combined with distance measurements, was used to
calculate the scaled distance for vibration analysis. Recorded
PPV values were then converted into PPA using empirical
equations, providing a basis for pseudo-static slope stability
modeling [15]. The FoS was simulated under varying levels
of horizontal acceleration. Saturated density values from
Table 1 and shear strength parameters derived from Table 2
were applied using Rocscience Slide and Rocdata software.
The aim was to determine the critical PPA threshold at which
the FoS drops to near-critical levels (FoS =1.1), thereby
identifying maximum allowable explosive charges for differ-
ent standoff distances to ensure safe blasting operations.
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3. Results and discussion

3.1. Blasting geometry and ground vibration data

A total of 26 blasting events were documented across
10 dates between March and September 2024 (Table 3).
Throughout the geometry data, such as the burden (2 m),
spacing (3 m), stemming (2.2 m), and subdrill (0.5 m) were
held constant. However, variations in hole depth (4.1-6.4 m)
and powder charge length (1.9-4.2 m) resulted in a wide
range of charge weights per delay (Q), ranging from 27.93 kg
to 95.76 kg. These differences significantly influenced vibra-
tion responses. The highest recorded PPV was 3.689 mm/s
on March 8, 2024, at a distance of 179 m under a charge of
88.38 kg. In contrast, a much lower PPV of 0.326 mm/s was
measured on March 22, 2024, at a similar distance (184 m)
but with a smaller charge of 57.40 kg. This comparison illus-
trates that explosive charge weight exerts a more dominant
influence on vibration intensity than distance alone.

This pattern was further evident even at greater distances.
For instance, on May 6, 2024, three blasts were conducted at
200 m, producing relatively high PPVs ranging from 0.595 to
0.628 mm/s. Despite the increased distance, these events
utilized high charge weights ranging from 79.80 to 95.76 kg.

3.2. Vibration reduction characterized by scale distance

The energy content of the explosive (Q) in an andesite
quarry is a stronger determinant of PPV than distance, par-
ticularly when the scaled distance remains low (Table 3).
This observation is in line with prior studies in open-cast
coal mining, including [3], which reported similar trends in
surface blasting scenarios where charge magnitude played a
critical role in controlling vibration levels. Regression analy-
sis, as depicted in Figure 3, confirms the general trend of
increasing PPV with higher Q. However, a more detailed
examination reveals two distinct regression patterns when the
measurement locations group data. One trend line corre-
sponds to LP1 and LP2, monitoring points situated behind the
slope, while the other pertains to LP3 and LP4, located in
front of and beside the slope, respectively. This division sug-
gests that site-specific conditions, such as topographic shield-
ing, wave reflection, and subsurface heterogeneity, have a
significant influence on ground vibration propagation. Nota-
bly, for equivalent charge weights, PPVs recorded at LP1 and
LP2 are consistently higher than those at LP3 and LP4. This
discrepancy is attributed to constructive interference due to
wave reflections or energy trapping behind the slope. In con-
trast, LP3 and LP4, being more exposed or laterally posi-
tioned relative to the blast source, exhibit reduced vibration
levels, which is likely due to unobstructed wave dispersion or
geometric spreading. These observations underscore the im-
portance of considering spatial context in vibration analysis.

These findings align with and extend the work of Singh
and Roy [3], who established empirical relationships be-
tween Q and PPV in hard rock surface mines, specifically in
granite and sandstone settings in India. Their study sites,
characterized by relatively open-pit geometries and less
topographic complexity, produced a well-defined power-law
correlation where PPV increased predictably with larger
explosive charges. When plotted alongside the current da-
taset, their observations align closely with the regression
trend of LP1 and LP2, suggesting that similar wave amplifi-
cation mechanisms are at play in topographically shielded or
concave slope settings.
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Table 3. Blasting geometry and ground vibration measurements

Distance, m & Date Data Hole Powder PPV, Hole Charge (Q),
point count depth, m charge, m mm/s count kg
5-Mar-24 2 5.40+0.71 3.20+0.71 2.835 12 68.74
179 (LP1) 8-Mar-24 2 5.40+0.71 3.20+0.71 3.346 15 83.47
29-Mar-24 4 5.00+0.12 2.80+0.12 2.326 11 53.86
15-Mar-24 1 5.4 3.2 3.21 15 85
182 (LP2) 25-Mar-24 3 5.20+0.17 3.00+0.17 1.923 7 55.86
22-Mar-24 2 5.05 +£0.07 2.85+£0.07 0.376 12 61.5
184 (LP3) 24-Apr-24 3 5.43 +£0.29 3.23+0.29 0.445 11 72.97
18-Sep-24 2 5.25+1.63 3.05+1.63 0.946 12 61.6
2-May-24 2 5.30+0.42 3.10+0.42 0.538 12 65.17
200 (LP4) 29-Apr-24 2 5.35+0.35 3.15+0.35 0.524 12 63.57
6-May-24 3 4.93 £0.58 2.73 £0.58 0.608 13 87.78
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Figure 3. Comparison of charge per delay (Q) vs PPV

In contrast, the flatter response observed in LP3 and LP4
indicates that the Singh and Roy [3] model may overpredict
PPV in more open or laterally shielded terrains. Further sup-
porting this perspective, Dzimunya et al. [16] introduced the
Equivalent Path-Based (EPB) equation, which incorporates
factors such as topography and rock mass properties into
prediction models for PPV. Their approach acknowledges
that traditional SD formulas may not adequately account for
the complexities introduced by varying terrain and geological
conditions. Similarly, Singh [17] emphasized the influence of
geological factors, including rock type and structural fea-
tures, on the reduction of blast-induced vibrations.

This research was conducted in an andesite quarry with
fractured rock mass and relatively distinctive topographic
variation; these considerations are realistic to the specific
andesite quarry condition in general. The presence of concave
slopes and benches contributes to complex wave behaviour
such as reflection, focusing, or trapping, leading to the ob-
served variations in PPV across different monitoring points.
Figure 4 illustrates the relationship between SD and PPV,
showing an inverse power-law trend as typically observed in
blast-induced vibration studies. Notably, the data is divided
into two distinct reduction patterns based on measurement
location. The regression lines for LP1 and LP2 (behind the
hill) follow the equations PPV =5987.774 - SD246, with
R?=0.91. Meanwhile, the regression for LP3 and LP4 (front
and side of the hill) is PPV =751698 - SD23!, with
R?=0.40. The steeper attenuation curve and higher coeffi-
cient of determination (R?) in the LP1-LP2 dataset suggest
that vibrations were more intense and decayed more rapidly
with increasing SD. This may be attributed to topographic
cratering effects, wave focusing, or less wave scattering in
the rear-facing slope zone.
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Scaled distance (SD), m/kg®3
Figure 4. Comparison of scale distance (SD) vs PPV

In contrast, the flatter and more dispersed LP3-LP4 re-
gression indicates partial shielding, wave diffraction, or sub-
surface heterogeneity, which contribute to inconsistent atten-
uation patterns in the front or lateral slope directions.

To validate these observations, three reference models
from previous studies were incorporated into the analysis.
The model proposed by Singh and Roy [3], expressed as
PPV =100 - SD!*%, was developed from surface coal mine
blasting data. This equation represents a moderate reduction
rate, falling between the two regression curves observed in
the current study. It shows closer alignment with the
LP3-LP4 data, which were recorded in front and beside the
slope, suggesting similar surface blasting conditions in rela-
tively unobstructed terrain. The model by Hu and Qu [18],
PPV =80 - SD''?, incorporates EPB adjustments and ac-
counts for topographic and geological influences on vibration
transmission. This equation also closely follows the reduc-
tion trend of the LP3-LP4 data, further supporting the role of
terrain geometry and lithological complexity in moderating
the decay of ground vibration. In contrast, the model deve-
loped by Khandelwal and Singh [19], PPV =150 - SD!*,
derived from investigations in magnesite mines, exhibits a
steeper reduction curve. It aligns more closely with the re-
gression of LP1-LP2 data, which were collected behind the
hill, suggesting that steeper, fractured rock slopes may ampli-
fy blast-induced vibrations and cause more rapid decay due
to wave convergence or topographic focusing. The discrep-
ancy between the two fitted curves in this study confirms that
SD, although a robust parameter, is not universally predictive
across diverse terrain settings. Site-specific factors, particu-
larly topographic shielding, slope orientation, and rock
discontinuity patterns, play a crucial role in modulating
vibration behavior.
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Empirical field studies in andesite quarries show strong
decay of PPV with distance. Nugroho & Purnama [20]
measured bench blasts in an Indonesian andesite mine and
derived a site-specific reduction law PPV =984 - SD166,
Saptono and Lestari [21] report similar results at an Indone-
sian andesite quarry: a power-law fit yielded
PPV =5.99 - SD25 (with R? = 1.0 for the 95% upper bound).

m

In both cases, SD is the scaled distance in 5 Other studies

kg™
on volcanic-like lithologies also agree on a rapid reduction
level: for example, Ozer et al. [22] found PPV = 773 - SD-¢¢
(R*=0.79) in a Turkish quarry. These empirical models
(specific to site geology and blast setup) demonstrate that PPV

drops roughly as SD! to SD23 in complex rock settings.

To better understand the site-specific regression patterns
observed in this study, a comparative review of prior empiri-
cal and numerical models is provided in Table 4. These ref-
erences include vibration reduction equations from diverse
geological settings, including surface coal mines [3], open
pits with terrain corrections [18], and fractured magnesite
slopes [19]. Table 4 also summarizes the effects of terrain
and directional vibration characteristics, highlighting how
topography, bench geometry, and wave reflection influence
vibration decay. Notably, the steeper regression observed at
LP1-LP2 aligns with studies reporting wave focusing behind
slopes [23], [24], whereas the flatter trend at LP3-LP4 re-
sembles patterns seen in laterally exposed or topographically
complex sites. This research supports the conclusion that SD
alone cannot universally predict PPV, and that terrain-
specific calibration remains essential in quarry blast planning.

Table 4. PPV regression models, terrain effects, and directional vibration behaviour

Study PPV equation Terrain effect Directional behavior
Current study (LP1-LP2) PPV = 5987.774 - SD 246 Behind-slope focusing High transversal PPA
Current study (LP3-LP4) PPV =751.698 - SD 23! Frontal/lateral dispersion Lower transversal PPA
Singh & Roy [3] PPV =100 - SD*! Surface mine, moderate attenuation Not specified
Hu & Qu [18] PPV =80 - SD''? Geology-adjusted path, open pit Not specified
Khandelwal & Singh [19] PPV =150 - SD'!'¢ Hard, fractured slope (magnesite) Not specified

Wave focusing near crest;

Song etal. [25] P amplification

Convex crest amplifies waves

P-dominant but angle-sensitive

Fu, Ji, Pei, & Wei, [23] Amplified PPV at bench crest

Bench geometry modifies vibration

Dependent on the slope face

Lietal. [24] Reflection effects at convex corners

Wave convergence at the hill corner

Amplified at the top edge

Sun & Li [12] Bench shape influences resonance

Slope geometry governs vibration

Bench resonance enhances motion

Abdelhafiez et al. [26] Transversal motion dominant

Blast-face orientation amplifies

. Transversal axis dominant
SH motion

These and related studies provide site-calibrated reduction
curves for volcanic/intermediate igneous rocks (andesite, bas-
alt, etc.), which can be compared to more general models
(USBM equations). In practice, each site’s SD-PPV relation-
ship must be measured or calibrated for more accurate vibration
forecasting. Furthermore, the consistently higher PPVs ob-
served at LP1 and LP2 for equivalent SD values imply greater
vibration exposure in the rear slope zone. This may increase
the sensitivity of these slope segments to dynamic destabiliza-
tion. As a result, blast planning in proximity to sensitive or
infrastructure-adjacent slopes should incorporate localized
calibration of SD-PPV regression models, as well as direction-
al propagation analysis, to minimize geotechnical risk.

3.3. Directional characteristics of the PPA component

Blast-induced vibrations propagate in three orthogonal di-
rections (transversal, vertical, and longitudinal) and their
relative magnitudes are influenced by source mechanism,
geology, and terrain. Understanding these directional charac-
teristics is critical for evaluating potential slope destabiliza-
tion, particularly in bench blasting where slope faces are
exposed. Figure 5 illustrates the comparative distribution of
PPA components recorded during the study. Across 26 blast
events, the transverse component generally exhibited the
highest PPA values, followed by the longitudinal and then
the vertical direction. For example, at LP2 (182 m), a typical
blast recorded a transversal PPA of 0.0888 g, compared to
0.0835 g in the longitudinal direction and 0.0730 g in the
vertical. However, when aggregating all data, the highest
transversal PPA values (frequently exceeding 0.15 g) were
consistently recorded at LP1 and LP2. This level of horizon-
tal acceleration is recognized in the literature as approaching
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or surpassing the critical threshold associated with increased
risk of slope instability [5], [27].

These results indicate a pronounced horizontal excitation
toward the slope face at the behind-slope measurement loca-
tions, emphasizing the importance of site-specific vibration
control in these zones. The box plot compares the distribution
of PPA across transversal, vertical, and longitudinal compo-
nents for four measurement points (LP1-LP4). Outliers
(marked by diamond symbols) are observed predominantly at
LP1 and LP2, especially in transversal and longitudinal direc-
tions, highlighting occasional high-amplitude ground motion
behind the hill. LP3 and LP4, positioned at the front or side of
the slope, show lower PPA values and fewer outliers, with
LP4 exhibiting the least variability. Notably, no outliers were
detected for LP4 in any PPA component, indicating stable,
low-intensity vibration exposure at that location. The exact
number of blast events recorded at each LP should be verified
from the experimental dataset, but unless stated otherwise, the
plot likely summarizes all available events per point.
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Figure 5. Comparison of scale distance (SD) vs PPV
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This pattern is consistent with previous studies that high-
light the prevalence of horizontal components in surface
blasting. For instance, Liu et al. [28] found that near-field
vibration energy in bench blasting tends to concentrate in the
direction perpendicular to the blast face, enhancing transver-
sal amplitudes. Similarly, Tang et al. [29] observed that
structural anisotropy and bench geometry often channel
energy into the slope-normal direction, intensifying the risk
of lateral destabilization. The directional disparity is particu-
larly relevant when translating PPA into pseudo-static ace-
leration input () for slope stability modeling. As most pseu-
do-static analyses employ a single horizontal acceleration
vector, the transverse component becomes the most suitable
proxy. In this study, the highest transversal PPA value
reached 0.1560 g (recorded at LP1).

Blasting vibration studies have shown that convex slope
features (protruding bench crests or hilltops) can significant-
ly amplify blast-induced seismic waves. This amplification
occurs because the outward-curved geometry of convex
surfaces causes incoming wavefronts to bend inward as they
propagate across the crest. As a result, the seismic energy is
concentrated into a narrower zone, increasing vibration am-
plitude at or near the convex edge. Unlike flat or concave
surfaces, where wave energy spreads out and attenuates,
convex slopes act to focus and intensify ground motion.

This phenomenon is supported by both analytical and nu-
merical models, as well as field measurements, which consis-
tently report higher peak particle velocities (PPV) and accele-
rations (PPA) at convex slope features compared to sheltered
or concave areas. Thus, convex terrain acts not only as a pas-
sive boundary but also as an active amplifier of ground vibra-
tion, thereby increasing the potential for vibration-induced
slope instability in these zones. Song et al. [25] used discrete-
element modelling of a blasting pulse in a steep granite slope
and found that the slope strongly filters out high-frequency
components (> 20 Hz). At the same time, low-frequency
P-wave energy is amplified inside the slope, resulting in an
elevation amplification effect. Likewise, Fu et al. [23] repor-
ted pronounced local amplification at free-face edges. Field
monitoring and FEM analysis in a high bench showed that the
outer bench edge and mid-bench points vibrated much more
intensely than the inner or mid-slope points. In deep under-
ground walls, Li et al. [24] observed a similar phenomenon,
attributing a whiplash in the far-field motion to reflections
from a convex corner (the curved rock anchor beam), which
constructively superpose and boost the wave there.

These results imply that wave propagation over complex
terrain is highly non-uniform. Convex crest geometry (a free
face or bench toe jutting outward) concentrates seismic ener-
gy and raises PPVs behind it, while concave or recessed
shapes tend to dissipate waves. In effect, wavefronts can be
focused by ridge-shaped topography and reflected or
mode-converted at sharp corners. In practical terms, this
phenomenon results in amplified horizontal ground motions
near slope crests and reduced motions at the slope toe. This
pattern is consistent with the numerical simulations of
Bouckovalas & Papadimitriou [30], who demonstrated sig-
nificant amplification of horizontal vibrations at crest loca-
tions and attenuation at the toe. Overall, both laboratory and
field studies in hard rock (granite, limestone, etc.) indicate
that steep slopes impose an “arc-shaped” propagation path:
seismic amplitudes decay more slowly along the slope interi-
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or but can peak near convex features. In short, hill slopes act
as seismic modifiers — filtering frequencies and redirecting
energy — so that terrain geometry critically controls where
blast vibrations are amplified or damped. The complexity of
bench geometry and blast orientation strongly influences the
directionality of ground motion during quarry blasting. In
irregular multi-bench terrain or layered rock, wave propaga-
tion paths become complex, breaking the usual symmetry of
wave radiation. For instance, when a blast faces one side of
an irregular pit, transmitted seismic waves can scatter, re-
flect, and recombine asymmetrically. This often leads to a
pronounced prominence of the transverse (shear) component
of particle motion. Seismically, ground motion from blasting
is typically resolved into three orthogonal components: lon-
gitudinal (aligned with the blast direction), vertical (up-
down), and transversal (perpendicular to both, typically
aligned with the face). The transversal component is most
sensitive to horizontal shear (SH) waves, often manifesting
as Love-wave energy. Numerous studies, including those by
Abdelhafiez et al.[26], highlight that seismographs posi-
tioned along the transverse axis capture the SH phase and
often record the highest vibration amplitudes in quarry blasts,
particularly when the bench layout and firing patterns favor
horizontal shear excitation. Practically, a firing pattern paral-
lel to a free face tends to excite stronger side-to-side (trans-
versal) motion, while patterns directed perpendicular to faces
drive more radial (longitudinal) or compressional waves.

Field observations support these ideas. Sun et al. [31]
demonstrated on a slender bench slope that dynamic response
is governed by both wave propagation and the slope’s reso-
nant vibration modes. Certain geometries can selectively
amplify specific vibration modes, such as shear along bench-
es. In bench blasts, the highest peak particle velocities (PPV)
are often found aligned with the blast initiation direction, a
result of constructive superposition of waves along that axis.
Conversely, Song et al. [25] found that within steep slopes,
P-wave (compressional) motions could dominate over S-waves,
implying that the geometry may suppress shear motion under
some circumstances. Thus, while the dominance of the trans-
versal (SH) component is not universal, it emerges whenever
the combined effects of terrain geometry and blast layout
favor horizontal shear-wave generation and focusing.

3.4. Modeling-based guidelines for safe blasting

Figure 6 shows that as horizontal acceleration increases,
the computed FoS declines, although the rate of decline be-
comes lower. In our pseudo-static models, FoS drops from
~ 2.25 (static case) to =~ 1.1 at a peak horizontal acceleration
of 0.17 g (the maximum PPA measured). This finding is
consistent with previous analyses: for example, Simangun-
song et al. [27] found that in a coal-mine case, a pseu-
do-static FoS was only = 1.04 at 0.12 g, whereas the dynamic
(Newmark) FoS at 0.41 g remained higher (~ 1.35). This
study similarly suggests that pseudo-static analysis may be
conservative, but still provides a practical design limit. In short,
blasts inducing horizontal accelerations above ~ 0.15-0.2 g will
drive the FoS below ~ 1.1 in this study, indicating the stabi-
lity limit. Furthermore, Figure 7 plots measured PPA against
SD. As expected, PPA decays as the SD increases. A regres-
sion fit confirms a strong inverse power-law relationship,
consistent with classical blast reduction models. We further
color-coded points by charge per delay (Q): larger charges
generally yield higher PPA at a given SD.
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Figure 8 shows the corresponding FoS versus PPA for
each blast. The trend is monotonic: events with higher PPA
correspond to lower FoS, as indicated by the downward
slope of the scatter. In particular, our highest PPA (0.17 g,
large O, small SD) corresponds to FoS=1.1, whereas
low-vibration blasts (PPA « 0.1 g) maintain FoS > 1.5. Thus,
the field data and models are consistent: controlling SD and
O (hence PPA) is directly linked to maintaining a safe FoS.

In practical terms, we can use the PPA-SD regression
in Figure 8 to estimate safe distances for a given
charge. Simangunsong et al.[27] recommend avoiding
SD < 8 m/kg™0.5 to maintain stable slopes. In our data, the
threshold PPA = 0.12 g (their pseudo-static limit) is reached
at about SD ~ § for typical O, supporting a similar guideline.

These results align with the broader literature on blasting
and slope stability. Kong [32] notes that limiting PPV to on
the order of 25-50 mm/s is often prescribed to protect rock
and infrastructure. For blasting frequencies of tens of Hz,
50 mm/s corresponds roughly to 0.005-0.01 g. Although the
primary focus of this study is on the PPA, it suggests that
infrastructure criteria can be stricter than geotechnical limits.
In practice, achieving these low PPV targets requires redu-
cing charge weight per delay and increasing blast spacing.
Indeed, Deressa et al. [8] found, through numerical modeling,
that reducing bench height (and thus effectively QO per bench)
and widening bench spacing significantly lowers PPV, yielding
a higher dynamic FoS. For instance, increasing bench height
from 5 to 12 m in their study reduced the static FoS by ~ 44%
and the dynamic FoS by ~26%. In addition, shorter benches
and wider spacing produced less ground vibration (bench-blast
PPV dropping from 63.2cm/s at 13m to 23.99 cm/s at
18.5 m) and consequently improved slope stability.
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Figure 8. Interrelationship between blast parameters, vibration
response, and slope stability

Geological factors must also be considered. Bazi et
al. [33] employed finite-element models to demonstrate that
blasts can induce highly non-uniform displacements in faul-
ted slopes. In their study, points above a fault plane experienced
the largest displacements, while points below the fault
moved very little. They also found that groundwater pressure
greatly amplifies blast-induced movements. These effects
imply that even with the same PPA or SD, certain slopes
(those with persistent faults or saturated layers) may respond
more violently. Our field-based regression inherently averages
over such site conditions; however, the literature suggests that
extra caution is needed near faults or in groundwater zones.

4. Conclusions

This study delivers a comprehensive, field-based evalua-
tion of blast-induced ground vibrations and their effects on
slope stability in a fractured andesite quarry. By integrating
detailed, site-specific measurements of PPA in multiple di-
rections with analyses of slope geometry and blast orienta-
tion, the research reveals that topographic amplification and
cratering effects can substantially intensify vibrations, par-
ticularly at points behind the slope.

Directional analysis confirmed the transverse component
of PPA as consistently dominant, emphasizing the need for
orientation-specific monitoring and modeling. Pseudo-static
analyses using local geomechanical properties demonstrated
that the slope factor of safety declines sharply as horizontal
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acceleration exceeds 0.17 g, identifying this threshold as
critical for instability risk.

These results enable the establishment of maximum per-
missible explosive charges that maintain safety margins, with
practical guidelines tailored to site geometry and operational
distances. Ultimately, this work provides a validated context-
sensitive framework for vibration prediction and safe blast
design in andesite quarries, advancing beyond generalized
models and supporting safer and more efficient mining prac-
tices near infrastructure.
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IosboBa oninka BUOYXxoBuX Bidpauiii i crifikocTi ykociB B anae3uToBomMy Kap’epi
C. Canrono, B. Bepriarapa, P.®. Cypaxman, b. /Iginarapa, O.B. Jlycartono, A. Apaian, I1I.P. Xax

Mera. KinpkicHa omiHKa BIUIMBY HANPsIMHUX KOMIIOHEHT BUOYXOBHX IPHCKOPEHb Ha ITapaMeTpH BiOpaIliif Ta CTIHKICTh YKOCIB aHJE3H-
TOBOTO Kap €py Ha OCHOBI IOJILOBUX BHUMIpPIOBaHb MIKOBUX MPHCKOPEHb YACTHHOK, aHATI3y TeOMETpil YKOCY Ta MOJENIOBAHHS MOIINPEHHS
BHOYXOBUX XBHIIb.

Metoauxa. [locniKeHHS IPYHTYETbCS Ha 0araTOBiCHUX MOJbOBUX BUMIPIOBAHHSX MIKOBHX NMPHCKOpeHb YacTHHOK (PPA), siki moexHani
3 JIeTaJIbHUM aHAII30M penbedy Ta reomeTpil ykocy. s OIIHKK CTyHeHs BIUIMBY BHOYXOBHX HaBaHTa)KEHb BHKOPHUCTaHO MOZENi ociab-
JICHHS 3a MacmTaboBaHOIO BifcTaHHIO (SD) 1 mceBgocTaTMdHE MOJENIOBaHHA cTiliKocTi. OKpeMo MpOoaHali30BaHO TOYKH BHUMIipIOBAaHHS,
po3TamIoBaHi 1mo3amy, mepex Ta 300Ky Bif yKocCy, 00 BU3HAYUTH BIUIKB TOIOTpadii Ha MOIMPEeHHs BiOparii.

PesyabTaTu. BusBieHo ABi XapakTepHi MOJeNl 3aTyXaHHS MiKOBOI MIBHAKOCTI KoynuBaHb yacTUHOK (PPV). Touku mo3zany yxocy (LP1,
LP2) nemoHcTpyBanyu BHILI 3HaUeHHS 1 mBUAIIE 3MeHIIeHHs: PPV uepes Tonorpadiune miacuineHus. BeraHoBieHO, M0 TOYKK Hepex Ta 300Ky
(LP3, LP4) noka3zanu OiibII TUIABHUI XapakTep 3HWKEHHS BiOpauiid. JloBeneHo, mo nonepeyna kommnoHnenta PPA BusBMIach JOMiHYIOUOM0, a
pe3yIbTaTH MOJENFOBAHHS 3aCBITYMIIN, 0 KOE(Ili€HT CTIKOCTI YKOCY 3HMIKYETBCS IO HeOE3MEeYHOTO PiBHS, KOJIHM FOPU30HTAIbHE IPHCKO-
penns nepesunrye 0.17 g. Lle 3HaueHHS MOYKHA BBayKaTH OE3MEYHOI0 BEPXHBOIO MEXKEIO U IPOEKTYBAHHS 3apsAliB y MOAIOHUX YMOBaX.

HaykoBa HoBH3HA. Briepie BUKOHAHO KOMIUIEKCHE ITOJIBOBE JOCIIDKEHHS, SIKe HANpsMy MOB’S3y€ MPOCTOPOBY CTPYKTYPY BHOYXOBHUX
KOJIMBaHb, JOKAJIBHI OCOOIMBOCTI YKOCY Ta KPUTHYHI IPUCKOPEHHS, 31aTHI CIIPUYMHUTH BTPaTy CTiKocTi. JlocmikeHHS BUXOAUTD 38 MEXi
y3araJbHEHUX eMITIPHYHUX ITIXO/IB 1 IPOIIOHY€E NPaKTUYHI PeKOMEHallil, aJanToBaHi J0 KOHKPETHOTO aHIE3UTOBOTO Kap’epy.

MpakTnyna 3HayumMicTs. OTprMaHi pe3yabTaTH MiATBEPLIKYIOTh €)EeKTHBHICTD JIOKAJIBHO KaIiOpOBaHOTO MOHITOPHUHTY Ta aHAJi3y Ha-
MpSIMHUX BiOpalliil mijT yac rmiaHyBaHHS BUOYXOBHX poOiT. Lle 103Boise TOUHIIIE BU3HAYATH JOMYCTHUMY Macy 3apsily Ta 3HIKYBATH reoTe-
XHIYHI PH3HUKH, 1[0 0COOIUBO BAXIMBO UL Kap’€piB, PO3TALIOBAHUX MOOJIU3Y TEXHIYHOI iHYpacTpyKTypu ab0 HaCEIICHUX ITyHKTIB.

Knruosi cnosa: andezumosuii kap '€p, ubyxosi 6ibpayii, cmitikicmes ykocy, Macumaboeana ei0cmanb, HanPSIMHe RPUCKOPEHHS
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