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Correlations of geotechnical monitoring
data in open pit slope back-analysis —
A mine case study

AF. Silva!, J.M.G. Sotomayor2, and V.F.N. Torres?

Synopsis

Geotechnical monitoring plays an important role in the detection of operational safety issues in the
slopes of open pits. Currently, monitoring companies offer several solutions involving robust technologies
that boast highly reliable data and the ability to control risky conditions. The monitoring data must be
processed and analysed so as to allow the results to be used for several purposes, thereby providing
information that can be used to manage operational actions and optimize mining plans or engineering
projects. In this work we analysed monitoring data (pore pressure and displacement) and its correlation
with the tension and displacement of the mass of an established failure slope calculated using the finite
element method. To optimize the back-analysis, a Python language routine was developed using input
data (point coordinates, parameter matrix, and critical section) to use software with the rock mass
parameters (cohesion, friction angle, Young’s modulus, and Poisson’s ratio). For the back-analysis, the
Mohr-Coulomb criterion was applied with the shear strength reduction technique to obtain the strength
reduction factor. The results were consistent with both the measured displacements and the maximum
deformation contours, revealing the possible failure mechanism, allowing the strength parameters to be
calibrated according to the slope failure conditions, and providing information about the contribution of
each variable (parameter) to the slope failure in the study area.

Keywords
open pit; slope failure prediction; inverse velocity technique; slope monitoring data; back-analysis.

Introduction

The extraction of minerals by open pit mining is widely practised throughout the world. In some cases,
large mines with very high and steep slopes are designed to allow economic gains. However, such
designs can also promote high-risk situations, such as disastrous instabilities, with critical social,
economic, and environmental consequences, especially in events culminating in the loss of human life.
Thus, a balance between operational security and mining economics must be sought. In this context,
geotechnical studies play an important role.

During the mining process, excavation activities modify the initial stresses on the rock mass. In
an effort to re-equilibrate, these stresses can cause instability, thereby enhancing the possibility of
slope failures on the bench scale, inter-ramp scale, and/or mine scale. Geotechnicians must therefore
consider (mainly during the operational phase) a variety of factors that can contribute to instabilities,
such as increases in shear stresses with the removal of lateral support (resulting in erosion, falling
blocks, and subsidence), changes in the groundwater level and corresponding increases in pore
pressure, overloading of slopes, rainfall, external vibrations, and natural stress relief mechanisms with
movements/displacements of the slope.

Rock mass behaviour during mining can be assessed through geotechnical monitoring with radars,
topographic prisms, piezometers, and water level indicators, all of which allow the acquisition of
deformation/displacement and pore pressure data and enable the water table position to be identified. To
date, with technological advances and automation, these techniques have strengthened the reliability of
the acquired data and increased the speed of analysis.

In the back-analysis of failure events, the monitoring data (displacements, pore pressures, and
water table levels) can be correlated to calibrate the strength parameters. This approach ensures detailed
analyses in geotechnical studies. Moreover, the mining geometry can be optimized, which may result in
operational and financial gains for the company.
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Geotechnical monitoring

Cawood and Stacey (2006) stated that slope monitoring can
provide early warnings of disasters to avoid loss of life, damage
to equipment, reduced production, and possibly mine closure.
These considerations were subsequently corroborated by Severin
et al. (2014).

According to Carla et al. (2017), the detection of slope
deformation, which can cause slope failure, is a critical aspect in
the fields of geomechanics and engineering geology. However,
mitigating the risk of slope failure requires knowledge of various
aspects of structural geology, including the properties of the
rock mass and the influences of water and other external forces
in the monitored area. Severin ef al. (2014) reported that slope
monitoring using radars, geodetic prisms, visual observations,
and other methods constitutes a key component in modern risk
management programmes for most mining companies.

Moore, Imrie, and Baker (1991) noted that effective slope
monitoring should incorporate two stages: investigation
monitoring and forecast monitoring, Investigation monitoring
should provide an understanding of the typical behaviour and
response of a slope over time to external events (rainfall and
seasonal variations), while forecast monitoring should generate
warnings of changes in behaviour, allowing damage to be
delimited or enabling interventions to be implemented to prevent
dangerous landslides.

According to Eberhardt, Watson, and Loew (2008), imminent
failures are prevented by using phenomenological (temporal
prediction) techniques that are based on measurements of
surface displacements that, if analysed and extrapolated, yield
accelerations that may exceed a previously established limit
based on published standards.

In addition, Fukuzono (1985) proposed an inverse method
that consists of calculating the rate of deformation (velocity) of
a slope and plotting the inverse of the rate of deformation as a
time function (inverse velocity versus time). This technique has
been mentioned frequently in the literature (Rose and Hungr,
2007; Osasan and Stacey, 2014; Intrieri and Gigli, 2016). As the
velocity or rate of deformation increases, the inverse will tend
towards zero. With the use of linear regression, the intersection
with the horizontal axis can be obtained; this intercept represents
the expected time of collapse (Figure 1).

According to Venter, Kuzmanovic, and Wessels (2013),
predictions of the expected collapse time are an important
aspect of managing the stability of an open pit since such
determinations enable appropriate actions to be taken. However,
Severin et al. (2014) noted that false alarms resulting from data

Collapse
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Figure 1—Inverse velocity versus time prior to slope failure (Fukuzono, 1985)
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acquired from instrumentation and the uncertainties in this data
constitute a problem. If an alarm is triggered and a failure occurs,
the procedure is a success; otherwise, a false alarm can result

in costs associated with stopping and delaying production in
addition to a loss of faith in the system.

Stacey, Franca, and Beale (2018) postulated that the main
differences among the applications of various monitoring
methods can be attributed to the types of failures that can be
anticipated. For example, hard, fractured rocks are predisposed
to the rapid development of failures and rockfalls, whereas weak
rocks fail more slowly, reflecting the occurrence or initiation of
plastic deformation.

Most mining companies have modernized their conventional
monitoring systems though automation and/or implementing
advanced technologies such as radars (terrestrial radars
and interferometric synthetic aperture radar (InSAR), global
positioning systems (GPS, global navigation satellite systems
(GNSS)), robotic stations, piezometers (electric, vibrating wire,
pneumatic), and other instruments that reduce the time needed
for data acquisition and boast greater reliability. In addition,
these updated systems do not expose people to areas of risk
(Benoit et al., 2015; Brown, Kaloustian and Roeckle, 2007;
Atzeni et al., 2015; Dick et al., 2015; Stacey, Franca, and Beale,
2018; Carla et al., 2018).

Case study

The investigated slope is situated on the east wall of the open pit.
In 2017, a failure occurred, involving approximately four benches
and the mass movement of material to lower benches. The
affected area is shown within the yellow rectangle in Figure 2.

Geological aspects

The study area is located within the geological domain of the
Parauapebas and Carajas formations. The former is composed of
generally altered metabasic volcanic rocks (basalts and diabases),
while the latter contains ore represented by intercalated thick
layers of jaspilites and lenses of soft and hard haematite (iron
ore) cut by dykes and sills of basic rock. The main geological

and structural properties of the eastern sector of the open

pit are dominated by a shear zone of ductile to ductile-brittle
character with a general strike ranging from E-W to NE-SW. This
shear zone constitutes a weak surface that forms the contact

1 [ pixels
| ™ prism
| ® piezometer
Radar e
b cenchmane |

Figure 2—Distribution of instruments and location of section A-A
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between the haematite formation and the metabasic rocks.
Dykes (discordant, with a thickness reaching 20 m and striking
approximately N and NE) and a sill (with a thickness ranging
from 0.5 m to 3.0 m) also occur. The sill underwent a significant
failure event in 2017.

Hydrogeological aspects

The groundwater level was efficiently depleted by the mine
drainage system. In metabasic and altered rocks (mafic (MS),
semi-decomposed mafic (MDS), and the decomposed mafic sill
(MD)), the rock mass was assumed to be partially drained, a
situation that occurs at a certain distance from the slope surface
where the groundwater level drops in advance of the excavation,
mainly by the escape of fluids through fractures.

2017 geotechnical event

During geotechnical inspections in February 2017, cracks were
observed on the upper slope in the eastern area of the open pit,
below the main ramp. The area is characterized by geological,
structural, and geotechnical properties that increase the risk

of failure events, especially during the rainy season. Thus,
taking into account these aspects in conjunction with regular
geotechnical inspections, which include a network of prisms,
piezometers, and groundwater level sensors to identify risk
indicators, a terrestrial radar was installed to gain a deeper
understanding of the deformational behaviour of the slope. This
area presents geological structural and geotechnical conditions
that can lead to instability, with some events having occurred in
previous years (2007 and 2013).

The installed instrumentation showed variations in the
measurements, mainly in the radar. However, the deformation/
displacement process accelerated only 24 hours before the
collapse, which occurred at 08:50 on 12 March 2017.

The failure mode was considered planar/circular, with the
mechanism developed in the contact between friable materials,
the friable haematite (HF) with high permeability, and MD
that exists along the entire eastern flank, which is a very low
permeability material. The failure surface extended over a height
of approximately 60 m. Figures 3 and 4 show the situation before
failure and after failure, respectively.

Methodology

Data collection and analysis

The information applied in this study is based on failure
histories, topographic surveys, geotechnical mapping, geological
(structural) data, laboratory testing, geotechnical monitoring
(piezometric, groundwater level, prism, and surface radar data),
and rainfall data. For the prism data, the horizontal displacement
vector was utilized in the analysis. The data was filtered to

Figure 3—Open pit before failure (February 2017)
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identify possible measurement errors and/or noise. In the case
of the rate of displacement (velocity), filtering was performed
through linear regression analysis, as suggested by Rose and
Hungr (2007).

The results of the displacement monitoring are collected as
time series, £1... &i, d1... di, where £ and di are the most recent
time and displacement, respectively, and & is the number of
observations. Thus, the current rate of displacement is given by:

Std
V. == 1
st [1

where
i

Std:ﬁl-z tjdj—%< t]><z dj>] [2]
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For the radar data, no filtering of the variables (deformation,
velocity and inverse velocity) was performed as this data was
extracted directly from the results produced by the software.
Thus, the probable periods of collapse were established through
analyses of graphs, and the findings were subsequently compared
with actual collapse data. Table I describes the instruments used
in the back-analysis together with the measurement period.

Figure 2 illustrates the location of the instruments on the
east flank of the central pit and the section utilized for the back-
analysis. The differences in the topography before (28/02/2017)
and after (30/03/2017) the event were considered to define the
failure surface with the highest possible precision.

In this work, rainfall was considered an equal contributor
with the structural conditions in the area (MD). Although the
pore pressure varied during the rainy season, the water table was
fixed in the back-analysis, and the last measurement obtained
with the closest piezometer to the affected region was the level
selected to calibrate the strength and elasticity parameters. The
recorded pore pressure value was 45.202 mH,0 at 08:27 on
13/03/2017, with a groundwater level of 646.901 m.

Figure 4—Open pit after failure (March 2017)

Table |
Analysed instrumentation and monitoring period

Instrumentation Analysed period Parameter

Prisms 12/01/2017-13/03/2017 Displacement

Piezometers 01/12/2017-30/04/2017 Pore pressure

Radar 20/02/2017-30/04/2017 Deformation
VOLUME 121 OCTOBER 2021 559 «
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The Mohr-Coulomb failure criterion was employed in the
back-analysis, and the materials within the failure surface (HF
and MD) were considered perfectly plastic; the other materials
were considered elastic with no variations in their parameters.
The back-analysis was performed using RS2 9.0 (Rocscience)
software, and the parameters were determined through the
finite element method (FEM) to calculate the stresses and
displacements in the rock mass using the shear strength
reduction (SSR) technique (Matsui and San, 1992) to identify the
strength reduction factor (SRF). The critical SRF is defined as the
point when the analysis fails to converge and the deformation
increases very quickly. Accordingly, the strength parameters
(Table I1) were obtained from laboratory tests on samples
collected in the mine in campaigns from years prior to this work.

The calibration limits (Table III) were established in
accordance with the maximum and minimum values obtained
from the database of laboratory test results in campaigns prior to
this study.

For this study, a routine was written in the Python
programming language to assess n sets of variables, namely,
the ¢ (cohesion), £ (friction angle), E (Young's modulus), and
v (Poisson's ratio) of MD and HF. These variables, (which were
calibrated n times), were chosen based on their important role
in the failure process and to provide the displacement responses
of the radar pixels within the line of sight of the equipment. The
Python routine uses the X, Y, and Z coordinates of the top and
bottom positions of the section in addition to the coordinates of
the pixels and position of the radar.

A matrix was generated as the input with 100 combinations
of the cohesion, friction angle, Young's modulus, and Poisson’s
ratio. The predicted displacements were compared with the
measured displacements. This process was repeated until, for
a given set of input parameters, the predicted displacements
approached the measured displacements with an acceptable error
of approximately 5%.

To calibrate the displacements, the pixels imaged along the
critical section (Figure 2) were chosen, and their behaviour
(trends, cycles, and oscillations) analysed according to the date
available prior to the failure. The radar operates using the phase
variation between two scans. These measurements are applied to
calculate the displacement of the slope surface; the displacement
vector is not used for prism monitoring. Table IV presents
information about the pixel size, distance to the radar, and values

contact between the HF and the MD, with the latter playing a
significant role in the failure process. The contact between the
materials was modelled taking into account the geological model,
geotechnical mapping, and field observations after failure.

Results and discussion

Geotechnical monitoring data

During the rainy season of 2017 (November 2016 to April 2017),
the total rainfall reached 1311.10 mm, with a maximum of 920.5
mm before failure. The high rainfall resulted in recharge and
saturation in the MD.

The rain that fell on the previous days (a daily amount of
72 mm) contributed to the triggering of the failure, enabling
movement accelerations on 11/03/2017 and 12/03/2017, as
shown in the graph in Figure 6.

Event prediction was performed using the inverse velocity
technique proposed by Fukuzono (1985). This method
establishes that the time needed to accelerate the failure,
while taking into account the gravitational load, is inversely
proportional to the rate of deformation (velocity). In this analysis,
the date corresponds to a period of 24 hours, which initially did
not show a tendency towards imminent failure until 03/11/17.
The deformation was continuous, however, without progressive
acceleration.

Figure 7 demonstrates that the deformation started to change
at approximately 05:00 on 03/12/17, with a tendency to collapse
between 08:49 and 11:30, a forecast very close to the actual time
of failure.

Table Il

Calibration limits

Material c (MPa) ¢ (°) E (MPa) v

MD [0.098; 0.085] [26; 18] [244; 240] [0.23; 0.29]
HF [0.123; 0.114] [42; 38] [450; 445] [0.177;0.21]
Table IV

Pixel details and maximum measured values

measured at a time near collapse Pixel Size (m) Radar distance (m) | Deformation (mm) Date
Figure 5 presents the critical section modelled with the A3 | 10.28 xx 10.24 118021 m 97.869 12/03/2017
materials in the study area, namely the data obtained through Ad | 1014 x10.11 1164.53m 127.864 12/03/2017
hnical . d field observations. The failure surface A6 9.97 x 9.93 114475 m 156.281 12/03/2017
geotechnical mapping and | Hons. 1he lalure ; ' A8 9.96 x 9.92 1143.39 m 140,681 12/08/2017
with a thickness of approximately 2 m, is defined, involving the
Table Il
Strength parameters utilized in the back-analyses
Lithology y (dry) (MN/m3) v (sat) (MN/m?3) Cohesion (MPa) ¢ (°) E (MPa) v
Mafic 29 29 3.20 50 70 080.0 0.250
Semi-decomposed mafic 30 30 0.24 36 5719.3 0.300
Decomposed mafic sill 18.5 20 0.09 26 244.9 0.272
Friable haematite 37 38 0.12 38 450.6 0.289
Compact jaspilite 37 37 3.75 48 92 080.0 0.177
Canga 30 30 0.07 43 22280.0 0.245
Shear zone 19 20 1.00 18 - -
» 560 OCTOBER 2021 VOLUME 121 The Journal of the Southern Afiican Institute of Mining and Metallurgy
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Figure 5—Localized pixels along the critical section
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The deformation rates in this short period were so high that,
in less than 4 hours from the onset of acceleration, the rock mass
lost its strength, causing the slope to fail.

The monitoring data showed precise values. Consequently,
analysis of the data enabled not only an intervention in the study
area but also a back-analysis to evaluate the correlation and the
deformational behaviour of the slope. Table V shows the resulting
maximum and average values for all the monitoring data from
the failure.

discarded. Therefore, the values calculated for pixel A3 were not
acceptable.

For the remaining three series, the model was calibrated with
the set of parameters containing the smallest variation between
the measured displacements and the calculated displacements
using the pixels at the base of the slope (in this region, the
stress concentrations are higher, and in this case, allow greater
displacements). Thus, the set of parameters for ID = 87 presented
these conditions (Table VIII).

The results obtained from the back-analysis and statistical
data show that the variables (parameters) with the greatest
contributions to the failure were the cohesion, friction angle, and
Poisson's ratio, which influenced the MD (approximately 93%)
more than the HF (Figure 8).

The maximum deformations obtained at the time of failure
were calculated from the calibrated parameters, considering that
the failure mechanism developed along the contact between the
MD and the HF.

The maximum displacements were observed at pixel A6,
with a calculated displacement of 153.79 mm and measured
displacement of 156.281 mm, thereby defining the region with
the greatest acceleration. The collapse originated in this region.

Back-analysis

The results of a series of back-analysis calculations showed
SRF values varying between 1.11 and 0.87. The maximum
displacements were concentrated near SRF = 0.95.

The cohesion, friction angle, Young's modulus, and Poisson’s
ratio for materials HF and MD varied; these parameters remained
constant for the other materials present in the modelled section.
The analysis showed that seven series had displacement values
similar to those measured in the area (pixels) at the moment
of collapse (Tables VI and VII). According to the acceptability
criterion defined for this study, which establishes +5% variation
between the measured displacements and the calculated
displacements, the series with IDs 78, 81, 88, and 89 were

Table V
Statistical results of geotechnical monitoring
Instrument Parameter Unit Values from November 2016 to the day of collapse
Average Maximum Maximum value date
Rainfall station Rainfall mm 9.3 920.5 12/03/2017
PZCV-02 Elevation m 642.158 646.918 12/03/2017 08:27
Pore pressure mH,0 40.458 45.218 12/03/2017 08:27
Prism: P28 XY mm 21.317 117.200 09/03/2017 11:34
z mm 9.530 35.100 09/03/2017 11:34
Vel. XY mm/day 0.486 2.934 09/03/2017 11:34
Vel. Z mm/day 0.263 0.755 09/03/2017 11:34
Pixel A3 Deformation (PS) mm 4148 8.392 12/03/2017 08:50
Velocity (PS) mm/day 0.740 7.523 12/03/2017 08:50
Deformation (SS) mm 8.580 21.624 12/03/2017 08:50
Velocity (SS) mm/day 2.667 14.197 12/03/2017 08:50
Deformation (TS/C) mm 37.185 97.869 12/03/2017 08:50
Velocity (TS/C) mm/day 15.145 64.057 12/03/2017 08:50
Pixel A4 Deformation (PS) mm 4.237 10.266 12/03/2017 08:50
Velocity (PS) mm/day 0.541 15.604 12/03/2017 08:50
Deformation (SS) mm 6.003 15.491 12/03/2017 08:50
Velocity (SS) mm/day 1.193 17.831 12/03/2017 08:50
Deformation (TS/C) mm 32.972 127.864 12/03/2017 08:50
Velocity (TS/C) mm/day 22.581 104.349 12/03/2017 08:50
Pixel A6 Deformation (PS) mm 4.021 9.292 12/03/2017 08:50
Velocity (PS) mm/day 0.419 8.498 12/03/2017 08:50
Deformation (SS) mm 4.343 11.715 12/03/2017 08:50
Velocity (SS) mm/day 0.279 10.082 12/03/2017 08:50
Deformation (TS/C) mm 40.226 156.281 12/03/2017 08:50
Velocity (TS/C) mm/day 16.258 131.650 12/03/2017 08:50
Pixel A8 Deformation (PS) mm 4.019 9.210 12/03/2017 08:50
Velocity (PS) mm/day 0.500 8.620 12/03/2017 08:50
Deformation (SS) mm 12.493 25.242 12/03/2017 08:50
Velocity (SS) mm/day 2.952 15.252 12/03/2017 08:50
Deformation (TS/C) mm 51.994 140.681 12/03/2017 08:50
Velocity (TS/C) mm/day 25.446 98.692 12/03/2017 08:50

PS: Primary stage, SS: Secondary stage, TS/C: Tertiary stage/collapse
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Table VI
Strength reduction factor
ID HF MD (Sill) SRF
¢ (MPa) ¢ (°) E (MPa) v ¢ (MPa) ¢ (°) E (MPa) v
78 0.114 38 446.0 0.18 0.085 22 243.0 0.28 0.94
81 0.114 38 4455 0.18 0.085 22 2425 0.28 0.94
82 0.114 38 446.5 0.19 0.085 22 2435 0.30 0.94
83 0.114 38 447.0 0.19 0.085 22 2430 0.30 0.94
87 0.114 38 446.5 0.19 0.088 21 2435 0.30 0.95
88 0.114 38 4465 0.18 0.085 22 2435 0.28 0.94
89 0.114 38 447.0 0.18 0.085 22 243.0 0.28 0.94
Table Vil
Back-analysis results
ID A3 (97.869 mm) A4 (127.864 mm) A6 (156.281 mm) A8 (140.681 mm) SRF
78 106.69 131.21 153.61 140.31 0.94
81 106.75 131.76 153.60 140.40 094
82 101.34 130.19 153.24 139.83 0.94
83 98.31 126.34 149.27 135.82 094
87 101.36 130.27 153.79 139.84 095
88 107.26 132.12 154.78 141.38 094
89 105.42 130.27 152.65 139.27 0.94
(') monitored values
100.0%
80.0%
60.0%
40.0%
20.0% 14.2% 26.0%
oo B . .
c_mo $_mD . — p——— 1.2%
- MDY g | e 0.0% 5.3%
c.  Cohesion -t " E— 4
o Friction angle = v
E: Young's modulus -
v Poisson’s ratio
MD: Decomposed mafic sill
HF:  Friable haematite
Figure 8—Contributions of the parameters in the instability
pre-existing cracks. These processes were pronounced due to the
Table Vill ineffectiveness of the operational drainage system. The rainfall
Back-analysis parameters and failure mechanism already established in the flank of the pit
HF D (il acted simultaneously to trigger the event.
- o( ill The back-analysis using the SSR technique revealed a
e I I e e I T I R I good correlation between the calculated data and the data
0.114 38 4465 | 019 | 0088 21 2435 | 030 measured with ground radar, and the evaluated parameters were

HF: Friable haematite
MD: Decomposed mafic sill

Figure 9 presents the critical section analysed with the
calibrated parameters, failure surface defined in the sill, and area
where the displacements initiated the collapse.

Conclusions

Rainfall played an important role in the failure event and led to
mass saturation and lubrication of the HF/MD sill contact and
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acceptably estimated. In this study, the prism data alone was
not sufficient for the analysis, but the use of the SSR technique
with this data (vectors) could provide more effective parameter
calibration than that with ground radar data. Regardless of the
type of monitoring, the SSR technique is relevant for calibrating
the strength parameters and providing information about the
development of the failure mechanism. This information will be
particularly helpful for geotechnicians in the evaluation of future
projects in the area.
The statistical analysis of the contributions of the strength

and elasticity parameters from the back-analysis was not
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Figure 9—Maximum deformations in the calibrated section

conclusive in relation to Poisson’s ratio and Young’s modulus for
MD sill material. Notably, the divergent representativeness of the
results suggests that more detailed studies of these parameters
for this type of material are needed for similar failure events.

In general, a circumspect analysis of geotechnical monitoring
data serves as a tool for better understanding the deformational
behaviour of a slope and provides a more assertive and
preventive approach to avoid failures, or if a failure is imminent,
to reduce the impacts.
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