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ABSTRACT

Slope monitoring plays an important role in the risk management of large open pit slopes. Historically, displace-
ment data derived from measuring geodetic prisms have been relied upon to delineate the boundaries of poten-
tial slope hazards; however that data can be limited by its point-measurement nature. Localized displacements at
each prism may be misinterpreted when extended to the behavior of the entire slope, and important displace-
ments between prisms may be overlooked. New technologies like ground-based radar can provide high resolu-
tion, full area coverage of a slope in combination with near real-time acquisition and millimeter precision. As a
line-of-sight instrument, these tools provide data on displacement magnitudes and rates, but not true direction
hence limiting their use in gaining understanding of the kinematics and behavior of the moving slope. This paper
describes a novel experiment in which two ground-based synthetic aperture radar systems were simultaneously
deployed to record continuous, line-of-sight displacements of an open pit slope in “stereo”. The displacement
vectors were combined to create a pseudo 3-D displacement map for the slope, which was subsequently used
to interpret the influence of a major fault and the rock mass fabric in promoting different kinematic responses.
The data collected demonstrates that an improved understanding of the 3-D kinematics of a large rock slope

can be achieved using advanced state-of-the-art monitoring techniques to aid mine design.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Slope monitoring through the use of radar, geodetic prisms, visual
observations, and other geotechnical instruments forms a key compo-
nent of modern open pit slope management programs for a majority
of mining companies. The management programs are designed to
focus on providing an early warning of an impending slope failure so
that personal risk to mining staff is minimized while mine production
is maximized by reducing downtime of the mine. Standard slope mon-
itoring practices typically involve the periodic measurement of geodetic
prisms by a survey crew or robotic total station to identify and quantify
the nature and extent of pit slope movements. The prism data, being
point measurements, are susceptible to uncertainty relating to the geo-
logical conditions and slope kinematics controlling the instability mech-
anism. The detection of accelerating behavior may either be an early
warning of impending failure or a false alarm related to highly localized
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movements in the immediate vicinity of the prism. Similarly, the inter-
polation of slope behavior between prism locations may result in dis-
placements influenced by large-scale geological structures being
misinterpreted or missed all together. Increasingly, the geodetic data
is collected in collaboration with radar instruments to help delineate
the region of increased slope displacement and collect data between
the geodetic prisms on the slope. Radar data is collected near continu-
ously in real time, which creates a massive amount of data over a
short period of time. As a result, it is often only used for early warning
monitoring using vendor-provided software, even though it also con-
tains useful information on the slope instability kinematics.

This paper outlines a novel experiment which may be repeated in
cases where mine staff are required to investigate and gain a better un-
derstanding of the 3-D kinematics and dynamics of pit slope displace-
ments which have been identified as representing a threat to mine
operations and safety. The experiment involves the simultaneous de-
ployment of two ground-based interferometric synthetic aperture
radar systems which were used to collect continuous, line of sight dis-
placement data in “stereo” of a large, moving open pit slope bisected
by a large fault. The data and results presented demonstrate that an im-
proved understanding of the 3-D kinematics of the slope and influence
of large scale geological structures can be achieved using advanced
state-of-the-art monitoring techniques. This understanding can be
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used to help mitigate the current risk presented by a slope or be used to
design the next phase of an open pit layout (e.g. pushback).

2. Slope monitoring techniques
2.1. Investigative monitoring

For slope monitoring to be most effective, the data should first be
used to gain a baseline understanding of the slope behavior before
using it for predictive purposes and defining early warning alarm
thresholds. Thus the function of the monitoring network can be seen
as serving two purposes (Moore et al., 1991):

(i) Investigative monitoring: To provide an understanding of the
slope behavior over time and typical responses to external
events (e.g. precipitation and seasonal fluctuations).

(ii) Predictive monitoring: To provide a warning of a change in be-
havior, enabling the possibility of limiting damage or intervening
to prevent hazardous sliding.

Investigative monitoring has been shown to facilitate a greater un-
derstanding of the behavior of both natural (Willenberg et al., 2008)
and engineered slopes (Walker et al., 2006), thus enabling the correct
mitigation measures to be selected or to confirm that the slope is
performing as designed. Ultimately, pit slope monitoring is carried out
to ensure the safety of workers and equipment. Alarm thresholds are
usually set based on experience, extrapolating measured displacement-
time series to detect accelerations that exceed set thresholds. Rose and
Hungr (2007) demonstrated further utility by extrapolating the inverse
velocity time series introduced by Fukuzono (1985). It must be noted
that these approaches are generally applied independent of the failure
mechanism or monitoring method (e.g., geodetic point measurement
and tension crack opening). As such, false alarms or uncertainty over
misleading instrument readings is a frequent problem. Once an alarm
is triggered, the mine may shut down operations in the area of potential
instability. If a failure occurs, the procedure is deemed a success (Day and
Seery, 2007); if not, the procedure results in costly downtime, delays to
production schedules and diminished confidence in the system.

2.2. Geodetic monitoring

Geodetic monitoring represents the most common method
employed in pit slope management due to its general reliability, relative
low cost, and ease of execution. The geodetic monitoring of numerous
prisms installed on multiple benches is now routinely undertaken
using robotic total stations, with recent efforts to combine these sys-
tems with global navigation satellite systems (Brown et al., 2007). Mon-
itoring through GPS receivers has also been seen as an answer to large
open pit projects where the pit diameter exceeds 1 km and refraction
and pointing errors start to limit the effectiveness of total station
measurements.

Outside of potential safety concerns during the deployment of the
prisms, an important limitation of data collected from geodetic moni-
toring is that movement and deformations between prisms must be in-
terpolated. This may result in: i) the boundaries of areas with high
displacement rates being poorly defined, ii) smaller scale structurally
controlled movements such as wedge or planar sliding to be
overlooked, and/or iii) the kinematics behind larger and more complex
pit-scale failures being misinterpreted.

2.3. Radar monitoring

New developments in slope monitoring include the use of remote
sensing technologies like terrestrial radar, which provide high-
resolution, full area spatial coverage as opposed to relying on geodetic
point measurements. Radar works by continuously scanning and com-
paring highly accurate and precise measurements made from up to 4

km from the slope face to detect sub-millimeter movements (with an
accuracy of 0.1 to 1 mm, depending on distance). Radar units can collect
real-time, near-continuous (5 minute interval), line-of-sight (1-D)
monitoring data of large areas in all weather conditions (Farina et al.,
2012). Such capabilities are helping to establish radar as a key tool for
managing unstable pit slopes, quickly identifying the size, extent and
temporal behavior of a developing failure (e.g., Harries et al., 2006;
Day and Seery, 2007; Harries and Roberts, 2007). Rédelsperger et al.
(2010) describe the advantages and disadvantages of radar data as
compared to other forms of monitoring. The precise measurement of
displacement from far distances allows radar data to be used by re-
searchers in several state of the art applications such as monitoring vol-
canic activity (Di Traglia et al., 2014), concrete dam displacement
(Talich et al., 2014), and natural slope stability (Martino and Mazzanti,
2014).

Ground based synthetic aperture radar was initially applied to mea-
surement of natural slope movements with the Italian Alps (Tarchi et al.,
2003) in 2000 and since has been validated during multiple investiga-
tions of landslides (Noferini et al., 2007; Monserrat et al., 2013) and
has been used as a predictive tool to forecast slope displacement
(Herrera et al., 2009; Casagli et al, 2010).

One key limitation of all radar systems is that it can only provide
line-of-sight displacement meaning that important 3-D information of
the displacement kinematics may be missed.

The collection of large amounts of data in combination with a shrink-
ing and overly specialized work force has had the unintended effect of
reducing the mine geotechnical engineer to either a radar system trou-
ble shooter or a data archive manager.

3. Full spatial detection of a slope
3.1. Teck Highland Valley Copper mine

The Teck Highland Valley Copper (THVC) mine is located near Kam-
loops in south-western British Columbia, Canada (Figure 1). THVC is a
truck and shovel operation comprised of several open pits. The experi-
ment described within this paper was carried out in the Lornex Pit.

The west wall of the Lornex Pit is a 400 m high slope with an overall
angle of 29° (Figure 2). The rock is relatively competent but is altered in
the vicinity of the fault zones. The west wall is bisected by the Lornex
Fault Zone (LFZ), a zone of highly fractured and intensely altered rock
ranging between 40 and 80 m that dips approximately 75° into the
slope. The LFZ in conjunction with the other faults in the slope is
interpreted as playing a critical role in controlling the kinematics of
the upper slope movement (Rose and Scholz, 2009).

Other moderately to steeply dipping faults that trend northeast—
southwest occur intermittently throughout the hanging wall of the
LFZ. Movement within the hanging wall of the LFZ (upper slope) is re-
ported as being caused by a complex toppling mechanism with a histor-
ical maximum daily velocity of greater than 300 mm/day (Rose and
Scholz, 2009). At the time of the writing of this paper, the west wall of
the Lornex Pit was well instrumented with over 75 geodetic prisms
installed; however, the northwest portion of the pit wall is relatively
void of prisms (Figure 3, left), primarily because of safety concerns,
lack of access preventing their installation, or slope displacements that
rendered them inoperative. The Lornex Pit is currently undergoing a
pushback around its entire circumference.

3.2. Experiment set-up and instrument positioning

The radar system used in this study was an IBIS-M (manufactured by
IDS Ingegneria Dei Sistemi). The system is based on: i) Stepped Frequen-
cy Continuous Wave (SF-CW), allowing resolution in the range direc-
tion, ii) Synthetic Aperture Radar (SAR), allowing the system to
resolve the monitored region in the cross range direction, and iii) differ-
ential interferometry, which allows the measurement of displacements
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Fig. 1. Geographic location of study site, Teck Highland Valley Copper mine (left) with aerial view of Lornex and Valley Pits (right).

by comparing phase information of the back scattered electromagnetic
waves collected at different times. The first radar unit (Site A) was locat-
ed near the top of the northeast pit wall (Figure 3, right). The distance of
the monitored points here ranged between approximately 800 and
1500 m. At this distance, the resolution of the monitored pixels was
1.5 x 4.3 m. This site was chosen for being roughly parallel to the gener-
al direction of slope movement. Site B was located at the top of the
southeast pit wall, providing good spatial overlap with Site A and an
oblique angle to the projected direction of slope movement. The dis-
tance of the monitored points ranged between 1200 and 2500 m,
which correlates to a monitored pixel size of 1.5 x 8.6 m. Both monitor-
ing sites were selected as their locations were stable (minimal displace-
ment) and outside the range of any fly-rock generated from production
blasts in the pit. Power to the radar units was provided by batteries and
a portable power generator. The timing of the data collection scans was
set to collect data simultaneously within the internal clock of the radar
units with scan time intervals of approximately 6 min. The data was
then collected for a 5 day overlap time. As the distances between the
monitoring point and the wall of interest were different, the frequencies
used to collect the data were not the same and no interference occurred.

A typical radar setup is shown in Fig. 4. A full description of the IBIS-M
system is given by Farina et al. (2012).

4. Data analysis
4.1. Resolving 3-D displacement vectors

The monitoring data was collected and processed using the software
IBIS Controller® and IBIS Guardian® to remove the atmospheric arti-
facts, in both range and cross-range, from the phase information with
a mathematical algorithm that is able to automatically discern stable
points from those that are moving. This avoids the need to manually se-
lect ground control points. Two independent displacement maps in ras-
ter format for each of the installation points were created over the
selected time frame. Using ArcGIS, the raster data set was combined
with a digital elevation model (DEM) of the mine site and converted
into global coordinates with displacement values. The slope was
pixelated into a grid of between 30,000 and 40,000 monitoring points
by each radar unit. The locations of the center points of the pixels

Fig. 2. West wall of the Lornex Pit at the Teck Highland Valley Copper mine, showing the location of the Lornex Fault Zone, and graben-like backscarps and toe bulging that has developed

with pit wall movements.
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Fig. 3. Location of geodetic operational prisms on the northwest wall Lornex (left) and the IBIS-M radar monitoring sites (right) with respect to the portion of the wall undergoing the
highest rates of displacement (within dashed lines).

Fig. 4. Site preparation and installation of the IBIS-M radar unit for the 3-D radar experiment, showing: leveling and grading of gravel site pad, lifting of concrete filled drums for radar base,
fitting of leveled radar guide rail, and radar positioning for pit wall monitoring.
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were compared and matched, and approximately 25,700 points were
found to be common between the two data sets.

Based on the original location common to each raster set (Xa1,Ya1,
Za1 = X1,Yp1,Zp1), the corresponding line-of-sight displacement mag-
nitude and the location of each radar instrument, a displacement vector
for each direction of movement was created (Xa»,Ya2,Za2 and Xgo,Ypo,
Zg>) using the formula:

(X2,¥2:22) = (X1, ¥1,21) + R* [(X1,¥1,21) = (Xo» Yo, Zo)] (1)

where X,,Yo0.Zo is the instrument location, and R is the ratio of the mea-
sured displacement and distance from the instrument.

For each of the new vectors created, the equation of the plane per-
pendicular to that vector at the new point (Xa»,Ya2.Za> and Xg»,Ygo,Z5)
was determined. The actual displacement of each raster cell must exist
on both planes; therefore, the end of the combined displacement vector
exists on the line created by the intersection of these two planes.

In the absence of a third radar unit to allow for true 3-D triangula-
tion, one of the values of the new vector was assumed. In this case, an
estimated value for the elevation was evaluated by using two tech-
niques: an average Z value and a weighted Z value based on displace-
ment. For the weighted Z value, the elevation of the new vector was
determined using the following relationship:

Displacement A __ AZ, 2
Displacement B~ AZg " @)

Inspection of the results using this relationship suggested that the
weighted Z value (i.e., weighted elevation values) produced a unique
solution for the combined A + B vectors (Xcomb,YcombZcomb)-

An idealized example is shown in Fig. 5. In this example, two
vectors are created from the respective line-of-sight displacements
(Sites A and B) with corresponding planes perpendicular to the
vectors. The two planes are plotted with a resultant line of intersection.

Line of
Intersection

Site 4 Plane

Site B Vector

Fig. 5. Determination of pseudo-3D vector (green) resolved from the line-of-sight vectors
(A and B) and a weighted elevation assumption along the line of intersection between
planes normal to A and B. Also shown is the average elevation option.

For a given elevation value entered into the equation representing the
line of intersection, both X and Y values can then be determined. In
this case, when a larger amount of displacement is recorded by one in-
strument, it is assumed that the direction of movement for that cell is
more similar to the direction parallel to the line of sight of that instru-
ment and a weighted value for the elevation (Eq. (2)) is used. In individ-
ual cases, geological features such as the fault or joints can be used to
help interpret the direction of movement; however, these assumptions
would not be able to be used over the entirety of thousands of points
making up the displacement map. Caution should be used when trying
to apply specific knowledge to the displacement map as the precise lo-
cation of the vector and the digital elevation model may lead to the in-
terpretation of an incorrect structure.

4.2. Displacement map generation

The newly created vectors and corresponding points were imported
into the CAD software Rhino© (Rhino Software, 2010), and sorted by
magnitude. These points/vectors were then draped over a DEM of the
Lornex Pit and the Lornex Fault Zone to determine the patterns of move-
ment. Displacement maps based on the individual instruments (Sites A
and B) were also created for individual comparison. Unfortunately, no
geodetic prisms were operational at the time of the experiment to
help calibrate the creation of the 3D displacement map (as seen in
Figure 3, left). A further validation experiment was not attempted as
the condition of the prisms was not disclosed at the time of the
experiment.

4.3. Potential sources of error

Several potential sources of error during the creation of these maps
were identified. Rounding errors may be introduced as the CAD soft-
ware used is able to handle up to 8 significant digits. This error is ex-
pected to only be significant where very small displacements are
recorded.

In order to create a true 3-D displacement map, three radar units
would be required; however, with the use of two units, a pseudo-3D
map can be produced. The result of the combination of the two
vectors created from each individual unit is the equation of the line of
intersection of the two planes. Therefore, the end displacement vector
direction can be influenced by the end elevation assumed. If the dis-
placements in the pit wall were predominantly vertical, a larger source
of error would be incorporated in the vector direction. In this case, the
two radar units were placed at roughly equal elevations and the direc-
tion of suspected movement was largely horizontal, meaning that the
methods for determining the end elevation did not greatly influence
the direction of the vector. If the direction of movement is suspected
to contain a larger vertical component, then a different configuration
of radar placement would have been required.

As both radar units were located near the crest of the opposite slope,
a majority of the pit wall being monitored was below the elevation of
the instruments. This means that all movements were recorded in
near horizontal or an upward line-of-sight direction. The principal di-
rection of movement is expected to be downward and toward the toe
of the pit wall; therefore, only a portion of the displacement was resolv-
able. In order to achieve a more realistic vector, at least one of the instru-
ments should be located nearer to the bottom of the pit; however, this
presents logistical and safety problems in an operating mine environ-
ment and possible interference with pit operations.

Another potential source of error was the displacement of the mon-
itoring units during the data collection. The end and center points of
both units were surveyed at the start, mid-point, and completion of
the monitoring period to capture any movement and/or rotation of
the radars.
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5. Three-dimensional displacement pattern
5.1. Line of sight displacement magnitudes

The pattern of total cumulative displacements observed from Sites A
and B during the monitoring period is shown in Fig. 6. At Site A, dis-
placement values ranged between + 26 and — 220 mmy/day, while at
Site B, displacement values ranged between + 35 and —275 mm/day.
Negative values represent movement toward the instrument, while
positive values represent movement away from the instrument. For
the slope monitored at THVC, movement away from the radar is
interpreted as displacement along the graben toppling structures
which dip into the slope.

Although the instruments were focused upon the same slope seg-
ment, the displacement patterns recorded from Sites A and B were
found to be similar with slightly different boundaries and, in some
cases, magnitude. This confirms the presence of absolute movement oc-
curring in distinct areas of the pit wall and that the different perspec-
tives of the instrument can capture different components of that
movement. The comparison between the two displacement patterns
highlights the importance of the investigative processes used in under-
standing the failure or displacement mechanism within a slope prior to
setting thresholds used to set monitoring alarms. If a single (often arbi-
trary) position is picked for slope monitoring, the nature of the pit wall
movement may not be observed.

5.2. Combined displacement magnitudes

The combined displacements measured from the two radar systems
lead to the pattern observed in Fig. 7. Displacement values ranged be-
tween 0 and 307 mm/day and as much as 750 mm cumulative displace-
ment over the monitored 4 day time period. As the vectors have been
combined, displacements no longer have to be referenced as being to-
ward or away from the instruments as in line-of-sight monitoring tech-
niques but rather an absolute value. These results show maximum
displacement values that are higher than the 100 mm/day average

Line of Sight
Cumulative
Displacement

Bl s0-9%¢cm
B 70-80cm
P s0-70cm

50-60 cm
[ 40-50cm
B s0-s0cm

reported for the geodetic prisms (Rose and Scholz, 2009). Likely expla-
nations for this discrepancy include the large number of points being
measured, the opportunity to measure near vertical rock faces and
areas moving too rapidly to install stable prisms, and the mining activi-
ties at the time of the experiment which may have influenced activity
along the LFZ.

By creating the pseudo-3D displacement map, a more complete rep-
resentation of the location and pattern of displacements in the slope can
be achieved. Based on the combined displacement pattern, several dis-
tinct zones of displacement can be observed in Fig. 7, including: i)
below the Lornex Fault near the base of the pit, ii) just above the LFZ
near a former access ramp, and iii) in the upper reaches of the slope.
The full extent of these lobes can be determined as well as smaller
zones within the pit wall. The zones of concentrated displacements re-
solved by combining the individual radar line-of-sight displacements
highlight several smaller areas of localized displacement otherwise
not discernible in either of the individual displacement plots. These dis-
placement zones can then be used, in combination with the convention-
al geodetic data, to aid the creation of a conceptual model used to
interpret the measured displacements and the underlying kinematics
of the slope, the limits of movement within the slope, and to help cali-
brate future 2D and 3D numerical deformation models.

5.3. Displacement vectors

The displacement direction of each monitoring point can be resolved
into a vector from the individual sets of radar monitoring data from
monitoring sites A and B (Figure 8). The enlarged region in Fig. 8
shows an example of an area with higher displacement rates in the
slope. By plotting the displacement vectors, several independent lobes
of movement within the slope are observed which are likely controlled
by separate structures within the rock mass as well as changes in lithol-
ogy and constitutive behavior of the rock mass.

The vectors indicate toppling movements in the upper slope above
the Lornex Fault, which agrees with the presence of a persistent discon-
tinuity set that dips steeply into the slope.

Fig. 6. Radar measured line-of-sight displacement patterns from: a) Site A, and b) Site B.
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Line of Sight
Cumulative
Displacement
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Fig. 7. Combined displacement pattern from Sites A and B. Several distinct zones are identified (i, ii and iii), as described in the text.

Displacement
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| 50t060
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Fig. 8. Combined vector map from Sites A and B, with vectors scaled to displacement magnitudes to show direction of movement. Left diagram shows an enlarged view of the lower slope
(approximately 125 x 125 m).
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6. Pit slope kinematics

Review of the combined radar displacement data (magnitude, direc-
tion, and plunge) allows for an expansion of earlier slope kinematic
models (Tosney et al., 2004; Piteau Associates Ltd, 2008; Rose and
Scholz, 2009), which were created to describe the observed displace-
ments within the Lornex Pit based on field observations and geodetic
data, complemented by 2-D numerical analyses. Fig. 9 shows projec-
tions of the 3-D radar data in terms of cumulative displacement
magnitude, displacement azimuth and plunge taken directly from the
displacement vectors (Figure 9a through c). Each of the aspects of the
displacement vectors was reviewed in detail to identify potential failure
mechanisms, in particular abrupt changes in the values were concluded
to be controlled by structural features within the slope.

A bias within the plunge data exists as the setup locations of both ra-
dars were placed near the pit rim, giving rise to an upward plunge in the
line of sight displacement. The plunge values should only be used as a
tool to help guide in the identification of possible rock displacement ki-
nematics and to determine areas of relative upward movement. Fig. 9d

Displacement
Magnitude
M 20-50mm
[ s0-60mm
D 60-70mm
[ 70-80mm
. 80-90mm

Displacement
Plunge

[ sto10
[[] 10to15
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shows the interpreted kinematic modes based on the 3-D radar data,
which were then used to develop the engineering geology model of
the interpreted pit wall deformation mechanisms in Fig. 10.

Several key observations with respect to displacement patterns and
slope kinematics can be observed within the plots in Fig. 9. Within a
continuum environment, displacement within the pit arising from the
excavation would tend to show a gradual change in magnitude, azimuth
and plunge as the rock responds to the changes in stress. The discontin-
uous nature of the measured displacement indicates that rock mass re-
sponse can be partially or fully controlled by large scale structures such
as faults. Both small variations and abrupt changes can be detected
within both the displacement data suggesting not only movement or
separation along structures but also yielding of the rock mass in be-
tween the faults.

Comparison between the displacement magnitude and azimuth in-
dicates that the areas with the highest total displacement above the
Lornex Fault tend to move toward directions between 120° and 150°.
Movement within the northwest corner between the Lornex Fault and
the pit access ramp is interpreted as being predominantly sliding

lacemen
Azimuth
B zo0to60
[7] e0to 90
B[] 90t0120
[ 120to150
[] 150t0 180

Subsidence
and Sliding

Fig. 9. Oblique view of the northwest corner of the Lornex Pit, highlighting areas of higher displacement (left) and movement directions (right).
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Fig. 10. Schematic diagram of interpreted kinematics for the northwest wall of the Lornex Pit.

controlled by a shallow dipping fault (W1-1) sub-parallel to the slope or
shear structures parallel to the W1-1 Fault. The sliding allows for the de-
velopment of graben-like blocks to form and drop into the space created
by the translational sliding (Figure 10). The presence of a basal fault
controlling sliding in the upper slope is in agreement with the kinematic
model developed by Rose and Scholz (2009). In the western half of the
upper slope, these displacements decrease in magnitude and become
more sporadic in terms of direction. Together they suggest that the
movement within this region is dominated by toppling and shearing
of the rock mass induced by the dilation of the rock mass and loss of
confinement within the slope. Significant sliding may not be observed
within the west wall due to the angle of incidence between the fault
and the pit wall. As the pit wall direction curves toward the south, slid-
ing along the fault is enabled.

The lower line of sight displacements within the upper portion of the
slope and interpretation that these are being dominated by vertical
downward movements of graben-like blocks are supported by geodetic
data that exists outside of the area monitored by the experiment. The
lack of directional correlation in the 3-D radar data below the LFZ sug-
gests that the rock mass below the fault (altered Skeena Quartz Diorite)
is undergoing bulging through shearing and dilation of the rock. Thus
the 3-D radar data shows a clear and distinct difference in slope behav-
ior from that of the complex sliding-shearing-toppling mechanism
interpreted in the upper slope. This corresponds with the presence of
weaker, more tectonically disturbed rock below the Lornex Fault com-
bined with higher shear stresses at the toe of the slope.

7. Conclusions

A novel experiment involving the simultaneous deployment of two
ground-based radar systems was conducted to collect continuous, line
of sight displacement data in “stereo” of a large, moving open pit slope
bisected by a large fault. The simultaneous monitoring with two syn-
thetic aperture radar units has led to the construction of a high resolu-
tion, pseudo-3D displacement map of a large open pit rock slope.
Analysis of the corresponding displacement vector map allowed an in-
terpretation of the overall slope kinematics to be resolved. The 3-D
radar experiment was able to identify localized movements related to

smaller-scale geological structures and changes in pit wall slope
orientation.

The radar monitoring clearly provided a significant increase in cov-
erage above that possible using geodetic prisms, with over 25,000 com-
mon displacement points. The need to extrapolate displacements
between prisms is avoided and small areas of high displacement that
may pose potential safety concerns can be better identified and moni-
tored. Furthermore, areas which cannot be monitored due to poor or
dangerous access can be covered by the radar without the need to install
prisms. For the 3-D radar experiment reported here, the monitoring was
able to identify localized movements related to smaller-scale geological
structures and changes in pit wall slope orientation.

Understanding of the pit slope kinematics was significantly im-
proved through the use of the pseudo 3-D radar data. This has the po-
tential to add significant value to a mine project where the mine plan
is considering a pit wall pushback to deepen the pit. In such cases, the
influence of the controlling nature of any major faults and smaller struc-
tures on the pit wall movements can be investigated and better under-
stood with respect to pit geometry, slope deformation kinematics,
evolving failure mechanisms, and ultimately geo-risk. This is the subject
of ongoing research, and involves the integration of the 3-D slope defor-
mation map with advanced 3-D numerical modeling. Preliminary
modeling using the distinct element code 3DEC has been carried out
to further investigate and validate the kinematic model derived from
the 3-D radar data. In parallel, the 3-D radar data is being used to cali-
brate the model with respect to the controlling influence of important
fault and joint properties, including location, persistence, and strength
characteristics. These can then be projected for future deepening of
the pit and pushback of its slopes.
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