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Abstract. During mining operations in open pits, evaluating the effect of vibra-
tions induced by blasting is crucial in determining the safety condition, in relation
to the slope’s stability. Blasting can involve varied charges weights and their ef-
fects on the slopes depend on the distance from blasting region, due to vibration’s
attenuation. The evaluation of these effects should ideally be carried out through
dynamic analysis, using finite elements, for example, and acceptance criteria de-
pend on the admissible displacements for each case. The use of pseudo-static
stability analyzes also may not be the best alternative in evaluating the effect of
vibrations induced by blasting. However, for the purpose of verifying stability by
limit equilibrium, in a more simplistic way, blasting vibration spectrum can be
inserted in Slide2 and the displacements estimated using the Newmark method-
ology. In this case study, the effects of vibrations induced by blasting in an iron
ore open-pit, located in Minas Gerais, Brazil, will be evaluated. Several vibra-
tions recorded by seismographs were evaluated and the respective displacements
to determine the safety condition of adjacent slopes. Through this study, it was
possible to identify the most critical regions and the maximum charges weights
to be used in future blasting so that damage to slopes is within acceptable criteria
for safe operation.
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1 Introduction

Mining has been a strategic sector in Brazilian economic development since the colo-
nial period, driving industrial growth and national infrastructure. According to Silva
(2019), detonations in mining operations are preceded by precise calculations of the
explosive charge necessary for the fragmentation of rocks in a predetermined area.
Once this charge is defined, the explosives are placed in the drill holes made in the rock
masses and subsequently detonated. This process generates seismic waves that can
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cause significant vibrations, impacting surrounding areas and potentially compromising
the structural stability of slopes.

Kramer details the effects of seismic movements on slopes, highlighting that
these movements generate significant horizontal and vertical dynamic stresses, produc-
ing shear and normal stresses along potential rupture surfaces within the slope. When
dynamic shear stresses exceed the shear strength of the soil, inertial instability can oc-
cur.

Different techniques have been proposed to analyze this phenomenon, varying
in the accuracy with which they represent seismic movement and the dynamic response
of the slope. Among these techniques, pseudo-static analysis stands out, which calcu-
lates a safety factor along the failure surface under seismic conditions, similar to the
static limit equilibrium approach. Other methods assess the permanent displacements
of the slope induced by seismic shaking.

Thus, the present study investigates the effects of these vibrations on the stability
of the slopes at the Varzea do Lopes pit, focusing on the eastern wall adjacent to the
BR-040 highway. The research was conducted based on pseudo-static analysis meth-
odologies, such as Hynes-Griffin (1981) and Newmark (1965), aiming to quantify the
induced accelerations and permanent displacements in the rock masses.
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Fig. 1. Analysis types

2 Background

2.1 Rigid body model

The rigid block model was proposed by Newmark in 1965, based on the simplification

of the slip surface as an infinitely rigid block that slides on a flat surface. The movement

begins when the induced accelerations exceed the yield acceleration (ky). During the

movement of the sliding block, the velocity of the support surface and the sliding mass

are different. The sliding will continue until the following two conditions are met:
When the accelerations no longer exceed the yield acceleration (ky).
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The velocity of the sliding mass equals the velocity of the underlying soil or
support surface.

During each interval of the block's movement, permanent displacements ac-
cumulate. These displacements are determined by the double integration method, which
involves integrating the acceleration that exceeds the yield acceleration (ky) over time
to obtain the block's velocity and integrating the obtained velocity over time to deter-
mine the displacements.

Figure 2 illustrates the simplification of the rigid block model.

Mass of the potential slip volume Simplification to rigid sliding block

Earthquake-induced

Sliding
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. accelerations
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Fig. 2. Representative diagram of the simplification of the potential sliding mass volume into a
sliding rigid block. Source: Ortiz, L.

According to Murphy (2010), the theoretical assumptions of the rigid block model are:

. The sliding mass is considered an incompressible or non-deformable
block (the acceleration of the sliding mass is equal to the acceleration of the
support surface as long as "a <ky", where "a" refers to the acceleration of the
sliding mass);

. The material behavior is non-elastic and perfectly plastic (this is im-
plied in the use of ky);

. Displacements occur along a single well-defined slip surface (usually
the pseudo-static critical surface of the limit equilibrium method, associated
with ky);

. The material does not lose strength due to impacts;

The accelerations and corresponding inertial forces act in the direction of the
initial movement, considering the center of gravity of the sliding mass.

2.2 Pseudo-static analysis

The pseudo-static approach allows for the simplification of dynamic problems by sub-
stituting complete modeling with a coefficient k#, representing the inertial forces in-
duced by horizontal accelerations. This methodology is particularly effective in scenar-
ios where transient forces, such as detonations, temporarily affect the structural stability
of slopes. By incorporating this coefficient into calculations, the analysis provides a
conservative assessment of the risks associated with dynamic conditions.
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The Hynes-Griffin method is based on a pseudo-static approach and analyzes
the interaction between dynamic forces and soil shear strength, aiming for a safety fac-
tor equal to 1 (FS=1), through limit equilibrium.

According to Duncan (2014), to simulate soil conditions under load, two main
adjustments are applied:

e  Soil shear strength is reduced by 20% to simulate the soil's response, which
may behave undrained during seismic events. This reduction is justified by the
increase in pore pressure, especially in saturated soils, resulting in a decrease
in the effective strength of the soil under dynamic loads;

e The seismic coefficient, which represents the maximum expected horizontal
acceleration during a seismic event, is reduced by 50%. This reduction aims
to reflect the inherent uncertainty of the earthquake's magnitude and its reper-
cussions on slope stability, seeking to simulate an average acceleration.

Materal  Cor esp. esp.Sat R
(kN/m3)  (kN/m3) ©)

1B_VI_Min 18 Anisotropic Linear 16 30.2 59.2 406 -56 5 20
DO_VI_Min 18 19 Mohr-Coulomb 28 239

DT_VI_Min 22 23 Mohr-Coulomb 120 32.0

HF_VI_Min 27 28 Anisotropic Linear 214 284 87.7 324 -57 5 20
MB_VI_Min 17 18 Mohr-Coulomb 256 222

MN_VI_Min 27 28 Mohr-Coulomb 56 29.7

Fig. 3. Shear strength parameters

3 Methodology

3.1 Back-analysis

The stability analysis was conducted to determine the critical seismic coefficient
needed to achieve a safety factor of 1 (FS = 1). This procedure aims to identify the
minimum stability conditions of the structure under seismic action.

As previously mentioned, the Hynes-Griffin method involves reducing re-
sistance parameters by 20% and adopting a resulting acceleration equivalent to 50% of
the peak acceleration. Therefore, the results obtained in the preliminary analyses are
adjusted by multiplying the acceleration by two to obtain the expected value, reflecting
the actual magnitude of the seismic event.The lithotypes identified by the surveys con-
ducted in the landfill area were duly incorporated into the geomechanical model devel-
oped to support the stress-strain studies.
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Fig. 4. Back-analysis

Thus, it is concluded that the critical seismic coefficient capable of achieving FS=1 in
stability analyses is 0.182 g.

3.2  Dumping Curves

To evaluate the influence of the blasts at the Varzea do Lopes pit, attenuation curves
were developed based on the provided data, relating the total blast charge to the accel-
eration as a function of the measured distance. The analysis identified that the impact
distance of the vibrations varies according to the magnitude of the applied load, which
motivated the division of the data into three load ranges for a better understanding of
the vibration behavior.

The load ranges were segmented as follows: 0 to 1,000 kg, 1,000 to 10,000
kg, and above 10,000 kg. This division allowed for a more accurate analysis of the
variations in acceleration and dissipation of vibrations at different distances, consider-
ing the proportional effect of the load, as shown in Figure 5. This procedure enabled
the identification of critical points that could impact the stability of the eastern wall of
the pit.
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Fig. 5. Attenuation curves for different loads (Acceleration x Distance).

Based on the critical seismic acceleration of 0.182 g found in the back-analy-
sis, capable of destabilizing the mass, it was possible to establish the correlation be-
tween the dissipation of this acceleration and the distance as a function of different load
intervals, resulting in radii of 80 m, 100 m, and 135 m for the respective afore men-

tioned loads.
Figure 6 illustrates the dissipation radius according to the location of the crit-

ical detonations measured in the field.
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Fig. 6. Attenuation radius

3.3  Permanent displacements

The evaluation of the structural condition was based on the analysis of the
historical database of seismographic measurements, considering a critical blasting
point, as illustrated in Figure 7. At this location, an acceleration of 0.365 g was recorded
at a distance of 235 meters. This value is relatively high compared to the accelerations
recorded in the structure, highlighting the importance of analyzing the dynamic impacts
resulting from the blasts.

Fig. 7. Critical blast location
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The data read from the transverse wave spectrum, illustrated in Figure 8 and meas-
ured at the highlighted point in Figure 8, were input into the Slide2 software, consider-
ing a rigid material in the evaluated sections.
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Fig. 8. Vibrations

Thus, it was possible to obtain the permanent displacements for the evaluated sec-
tion, as illustrated in Figure 9.
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Fig. 9. Stability analysis — Newmark Displacements
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4 Conclusions

Stability analyses conducted using the Hynes-Griffin method indicated that the critical
seismic coefficient required to achieve a safety factor of 1 (FS = 1) was 0.182 g. Based
on this coefficient, the raw blasting data were evaluated, revealing that less than 2% of
the readings showed accelerations exceeding this value in areas of the eastern wall sus-
ceptible to the influence of the blasts. It is important to note that none of the attenuation
radii of the vibrations reached the highway, reinforcing the safety of operations in ad-
jacent areas.

Cross-Section 16, considered the most critical, exhibited a displacement of 5.4 cm
under a recorded intense seismic event. This displacement, although significant, falls
within the limits considered stable by California’s Seismic Hazards Mapping Act —
Special Publication 117 of 1997, which defines slopes with permanent displacements
of less than 10 cm as stable.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
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source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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