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Abstract Slope stability is a critical safety and production issue for mining. Major wall
failure can occur seemingly without any visual warning, causing loss of lives, damage to
equipment, and disruption to the mining process. Monitoring systems, ranging from simple
piezometers and extensometers to highly sophisticated radars and global navigation
satellite systems, are employed to predict impending instabilities and failure. Here, we
provide a review of the available monitoring systems used in slope management and
highlight their major advantages and shortcomings. We propose a simple method for
evaluating the effectiveness and reliability of monitoring systems to warn of pending slope
failures. The method is based on constructing monitoring reliability maps for the slope by
evaluating two slope parameters: Expected deformation to failure and critical reading
frequency, which depend on the slope characteristics (e.g., geology and design), service
condition (e.g., rainfall, blast), and the economic impact of the failure. The reliability of a
deformation monitoring system can be subsequently assessed by identifying three
parameters of the system: Coverage area (large or discrete), Deformation monitoring
precision, and Measurement frequency. The application of the method to most commonly
used deformation monitoring systems is demonstrated. The advantages and implications of
the proposed method are highlighted.
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1 Introduction
Small precursor movements of slopes can occur for an extended period ranging from weeks
to months prior to instability (Hoek and Bray 1981). Monitoring systems have been used
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widely to monitor slope deformation and condition with the objective of predicting
impending instabilities and minimizing the impact of slope failure. A detailed classification
of the available slope monitoring systems is provided in Fig. 1. In this classification, four
major categories are listed, depending on the parameters that are monitored by the system:
•
•
•
•

Ground movement measurement techniques,
Ground vibration measurement techniques,
Groundwater measurement techniques, and
Measurement techniques for the loads applied to supports and anchorages.

Monitoring of ground movement is the most common type of monitoring and the main
focus of this study. The techniques for monitoring ground movement can be classified
as Surface measurement techniques and Subsurface measurement techniques. Surface
measurement techniques can be further classified to techniques that measure the displacements at discrete points (Crack width measurement techniques and Survey networks)
and over large area of the slope (Scanning and Image-based techniques)—See Fig. 1.
Survey networks are the most common Subsurface measurement technique in slope and
open pit mines. This technique generally requires a system of local benchmarks that has to
remain stable during the course of the investigation (Lang et al. 1994; Corominas et al.

Fig. 1 Common slope monitoring systems

123

Author's personal copy
Nat Hazards (2010) 55:501–512

503

2000). In principle, survey techniques are limited by two main drawbacks. First, they all
require access to the monitoring surface for installation and maintenance of instruments.
Second, these techniques sample a few discrete points on a monitoring surface, thus, fail
to provide spatial information required to assess the behavior of the whole mine wall
(Lichti et al. 2000). Recent advancements in development of precise displacement
measurement techniques have yielded robust and sophisticated devices for slope monitoring and mine management. An example is radar systems that progressively scan along
the slope or pit wall taking measurements with a beam at each point. In these systems,
data resolution is a function of the radar operation frequency and the radar distance from
the target. The closer the radar is to the wall, the smaller the beam size (or pixel size) of
the area being measured. In general, these systems are capable of continuous monitoring
movement with high accuracy (0.1–0.2 mm) over medium to large areas in real time
without the need for mounted reflectors or equipment on the slope. Furthermore, the
measurement is minimally affected by rain, dust, or smoke (Reeves et al. 2001; McHugh
et al. 2006; Hutchison and Widelski 2007). The most common devices and methods of
Subsurface displacement measurement are inclinometers, extensometers, acoustic emission, and time-domain reflectometry. It is noteworthy that some of the techniques
mentioned above, such as time-domain reflectometry, can be used for both surface and
subsurface deformation measurements and are listed in Fig. 1 in view of their most
common application.
Measurement of groundwater pressure, anchorage stresses, and seismic motion can
provide valuable information for detecting impending failures and should be utilized when
appropriate. Piezometers are often used for groundwater pressure monitoring. The most
common types of piezometers are standpipe piezometers, vibrating wire piezometers,
pneumatic piezometers, and multi-point piezometers. In mines located in seismically active
areas, microseismic monitoring is used to detect zones of seismic activity, which can cause
rockbursts and earthquakes, therefore triggering slope failure.
According to Call and Savely (Call and Savely 1990), the most important purpose of a
slope monitoring program is to:
1. Maintain safe operational practices,
2. Provide advance notice of instability, so action can be taken to minimize the impact of
slope displacement, and
3. Provide additional geotechnical information regarding slope behavior.
The selection of a monitoring system should be carried out in view of its reliability and
capabilities, as well as the importance of the slope and its failure impact. This requires
thorough understanding of displacement patterns that result from generally occurring
mechanisms of failure (Lang et al. 1993; Pothitos and Li 2007; Pothitos et al. 2006;
Wilkins et al. 2003). Environmental conditions (e.g., local onshore wind, high temperature
variation, rainfall, insolation and tidal conditions, storm frequency and seismic regions)
should be also rigorously considered when selecting systems for slope monitoring to ensure
their reliability for warning of impending failures.
In this work, we will develop an objective method for evaluating the reliability of the
deformation monitoring systems used in mines and slope management. Section 2 provides
a brief review of the slope displacement patterns and common failure mechanisms. The
key parameters that determine the accuracy and reliability of slope displacement monitoring systems are discussed in Sect. 3. In Sect. 4, a reliability map for slope monitoring
systems is proposed in view of the key factors discussed in Sect. 3. Section 5 provides a
conclusive summary of the findings of this study.
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2 Slope displacement patterns and failure
The movements that occur prior to collapse can result from multiple phenomena including
elasto-plastic deformation, softening and failure of the rock mass (Sullivan 2007). Zavodni
and Broadbent (1978) showed that almost all large-scale failures occur gradually, with the
exception of slides initiated by earthquake. Serious slope instabilities are usually accompanied by the gradual development of tension cracks behind the slope crest and measurable
displacements. Figure 2 shows typical slope displacement histories resulting from creep as
proposed by Fell et al. (2000). The creep response of the slope is differentiated into
Primary (with decreasing strain rate), Secondary (with constant strain rate), and Tertiary
(with increasing strain rate). Tertiary creep is generally followed by failure and collapse of
the slope. During primary creep, the strain rate usually decreases as a power law of the
time. The strain rate during secondary creep is nearly constant and strongly depends on the
applied stress (Amitrano and Helmstetter 2006). Varnes (1982) showed that the secondary
creep generally occurs for a short period, as in this stage both primary and tertiary creep
mechanisms may occur concurrently. In fact, in some cases, a crossover between decaying
primary creep and accelerating tertiary creep is observed with no clear secondary creep
regime (Hamiel et al. 2004). Field measurements indicate that the final phase of failure in
slopes is characterized by a hyperbolic function in the velocity–time space. Petley (2004)
suggested that this behavior mirrors the nonlinear final stage of creep experienced in brittle
failure. If the rate of movement decreases, the slope may have temporarily stabilized as
shown in Fig. 2 by the red curve.
The three most common slope failure modes are circular failure, toppling and planar and
wedge failures (Lang et al. 1993; Forward 2002; Hoek 1973; Sjöberg 1999, 2001; Turner
and Schuster 1996; Dunnicliff 1995; Angeli et al. 2000; Mercer 2006). Each of the failure
modes has certain features, which include the direction in which considerable movements
occur. Circular failure generally occurs in soil, weathered and soft rock, highly fractured
rock and waste dumps. The initial step of instability is usually the opening of tension
cracks along the crest of the slope, followed by slumping of the crest and lateral movement
of the toe. The final failure generally happens rapidly. The failed section size can range
from a few meters in height to several kilometers across. Initial large vertical displacements and small horizontal displacements, which increase with progression of the failure,
are the common features of circular failures. Toppling is common in rocks with
well-defined bedding planes or joints that are extended into the slope. The horizontal
Fig. 2 Creep behavior of
moving slopes (Fell et al. 2000)
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movement associated with this failure mode opens up tension cracks along the crest, while
the movement at the slope toe is generally negligible. Small initial vertical displacements
and large horizontal displacements are the general characteristics of toppling failure.
Turner and Schuster (1996) suggested that this failure mode can be further categorized into
flexural toppling, block toppling, and block flexural toppling. Planar and Wedge failures
are common in hard rock slopes with continuous bedding or joint planes dipping out of the
slope. Since failure generally takes place on a distinct plane, the failed block will move
parallel to this plane and failure is often sudden with little warning. The pattern of failure
may comprise of a single discontinuity plane, two planes that intersect each other (wedge
failure) or a combination of multiple discontinuities that are linked together to form more
complex patterns such as slab failure and step path failure (Sjöberg 1999).
In addition to the common failure modes discussed above, undercutting or raveling of
steep rock faces may also occur in slopes due to toe erosion, particularly if the slope is
made of low-durability rock (Dunnicliff 1995). Combined failure modes can also occur in
weathered materials where the shear strength of the material may be sufficiently low to
allow preferential failure through the material, rather than only along discontinuities (Lang
et al. 1993). Combination of toppling failure at the toe of the failure zone, with circular or
planar sliding failure in the upper part of the failure, has also been recorded. More detailed
descriptions of the slope failure modes and mechanisms, their dependence on the rock
characteristics and also common stages of each failure mode are provided by Sjöberg
(2001).
Most of the displacement monitoring sensors can be hooked to a warning device. In
such cases, the warning is activated when a prescribed amount of displacement,
displacement rate, or acceleration occurs. The difficulty in this procedure is determining
the thresholds, since the critical value corresponding to onset of the failure varies widely
from one mine to another (Angeli et al. 2000; Mercer 2006). This means that an alarm
criterion used at one mine may not be applicable for other mines. In most practical cases,
the threshold velocities used for the warning device represent rates that Mine Engineering
and Operations are comfortable with based on past experience. The current mining conditions and the impact and importance of a particular wall to continue mine production are
also considered when deciding critical movement rates and monitoring plans. For example,
security of haul road access is a prime operating safety and production requirement for
many mines, and thus, the thresholds for walls associated with a haul road should be
chosen with extra caution.

3 Key parameters for reliability of displacement monitoring systems
Three key parameters of displacement monitoring systems are identified which should be
considered in assessments of the reliability of monitoring systems to warn of pending slope
failures. These parameters are:
• Monitoring area (over large area or discrete points),
• Frequency of reading, and
• Device precision.
Each parameter is briefly described below.
Monitoring area: The systems that monitor the deformation over a large area yield more
useful information compared to systems designed for monitoring only at selected points,
since these systems provide valuable data about the deformation pattern of the slope.
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Moreover, since the deformation is monitored over a large area of the slope rather than
discrete points, selected based on predefined deformation patterns and failure modes, the
output of the monitoring process is less sensitive to the design uncertainties compared to
discrete point measurement techniques. Monitoring the slope at discrete points is specifically problematic if new areas of instability develop that were not previously identified
and, therefore, are not being surveyed. As shown in Fig. 1, Surface measurement techniques can be employed for monitoring the displacement at discrete points or over large
areas of slopes. The available Subsurface measurement techniques generally monitor
discrete and limited points of the slope.
Frequency of reading: Systems that monitor the deformation at periods in the order of
few minutes or shorter (quasi-continuously for this application) can provide a much better
assessment of the slope behavior and are recommended for slope deformation monitoring.
When monitoring is not continuous, it is suggested here that the maximum duration
between each reading should not exceed 24 h (1 day), except for cases where the engineering analysis indicates that a longer reading period is adequate. In general, the monitoring should be performed at shorter periods when unexpected deformation patterns or
high deformation rates are detected.
Device precision: Remedial treatment is usually effective only if carried out in the
earliest stages of instability. Thus, the monitoring instruments must be sufficiently sensitive
to detect movements of considerably smaller magnitude than those associated with complete collapse. Slopes have considerable variations in geology, geometry, life spans,
geotechnical challenges, and service conditions. Therefore, it is difficult to be prescriptive
about the required level of precision for monitoring without development of a thorough
understanding of the mechanics of slope deformation and slope failure modes. Figure 3a
shows the typical correlation between the velocity and the expected deformation mechanism (e.g., low creep) and failure. The figure also shows the relationship between the
velocity of slope movement and sensitivity of the slope behavior to environmental factors.
Figure 3b shows the critical velocity, which correspond to a wide range of slope behavior
(Ryan and Call 1992; Zavodni 2001; Zavodni and Broadbent 1980; Martin 1993; Salt
1988; Call 2001; Savely 1993; Sullivan 1993; Wylie and Munn 1978)—from the onset of
initial tertiary creep to the critical velocity prior to collapse. For slopes with a predictable
regressive failure displacement history, safe mining might be continued up to a velocity of
300 mm/day. However, a displacement rate of 50 mm/day in slopes is generally an indication of impending failure that could occur anytime within 48 h (Zavodni 2001).
For the selection of deformation monitoring equipment, Lang et al. (1993) suggested a
precision of 0.1–0.5 mm and 1–2 mm when the expected range of wall movement prior to
failure is 10–100 mm and 100–500 mm, respectively. Here, we suggest that the precision
of the monitoring device should be at least 1/50 of the predicted deformation up to failure,
D. However, a deformation monitoring precision less than D/200 can provide a more
precise estimate of the deformation response of the slope and is desirable. The deformation
response of the slope is a function of the rock mass, the structural geology, and the slope
geometry, as well as the environmental and service conditions. For the current purpose, D
should be provided by the slope design and mine engineers. The typical precision of
common slope displacement monitoring system is provided by Gili et al. (2000) and
Krauter (1988) and is summarized and expanded here in Fig. 4. It should be emphasized
that these limits (i.e., D/50 and D/200) are based on the authors’ opinion and cannot be
confirmed scientifically except by comparison with limited number of studies. Note that in
Lang et al. (1993), the minimum required device precision for monitoring system is D/20
and D/50 for the expected range of wall movement of 10–100 and 100–500 mm,
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Fig. 3 a Correlation between velocity of slope movement and movement classification and sensitivity to
environmental factors. The figure is generated based on the data from (Sullivan 2007). b Critical velocity
indicative of imminent collapse (This set of data does not distinguish between slope geological
characteristics and slope design specifications)

Fig. 4 Typical precision of various Surface measurement techniques

respectively. For example, the suggested precision is 1–2 mm for the expected range of
wall movement of 100–500 mm. The minimum required precision is 2 mm when the
expected range of wall movement is 100 mm, which is equivalent to having the device
precision of D/50. It is conceivable that a device precision of D/20 is inadequate, specifically for devices that monitor discrete points on the surface or have long reading period
(e.g., several hours). Thus, we suggest a minimum monitoring device precision of D/50.
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The D/200 limit can be found by considering the upper bound of the suggested limits. The
suggested precision is 1–2 mm for the expected range of wall movement of 100–500 mm.
Considering the upper bound of these limits gives device precision of 2/500 or equivalently
D/250. On the other hand, the suggested precision is 0.1–0.5 mm for the wall movement
of 10–100 mm, and considering the upper bound of these limits yields device precision of
D/200. These two device precision limits are very close and can be considered identical for
practical applications due to the uncertainties associated with estimating D.
In addition to the parameters discussed above, the ideal monitoring system should be
free of operator bias, independent of weather conditions, and operable at night. Automated
equipment is generally more accurate than manual equipment since ‘human error’ factors
are eliminated. Automated systems also provide added flexibility in the sampling rate and,
therefore, can monitor more frequently than manual readings. For manual equipment,
geotechnical specialists can interpret the pattern and history of movement to improve
prediction of the failure process and to advise appropriate and timely stabilization or safety
management actions. Using manual equipment is generally labor-intensive, particularly if a
large area is surveyed with large numbers of prisms (Newcomen et al. 2003). In addition,
using a manual system may require substantial time to process the data, resulting in delays
of up to a few days before slope movement trends can be determined, leading to substantial
degradation in the reliability of the system. Another distinct advantage of automated
systems is their ability to trigger alarms if certain threshold limits are reached. However,
these systems are generally more expensive than manual systems.
It should be noted that, in this work, we did not consider the aspects associated with the
reliability of the instrument itself (e.g., failure of the system during operation).

4 Reliability map of displacement monitoring systems
Based on the three parameters discussed in Sect. 3, the reliability maps for slope deformation monitoring systems shown in Fig. 5 are proposed. If the system monitors the

Fig. 5 Reliability map of deformation monitoring systems. Plot a corresponds to systems that monitor the
deformation at predefined discrete points. Plot b corresponds to Surface deformation measurement
techniques that monitor the deformation over a large area—See Fig. 1
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deformation at selected points of the slope surface, plot (A) should be used for evaluation
of the system reliability. For systems that monitor the deformation over a large area, plot
(B) should be used. The terms used for demonstrating the system reliability (e.g., Not
Reliable, Highly Reliable) denote the qualitative capability of the monitoring system for
predicting impending failures. Here, monitoring systems with a reading period longer than
1 day or precision less than 1/50 of the predicted deformation to failure are considered Not
Reliable and should be excluded when selecting the monitoring system.
The reading frequency denoted by hr(s) in Fig. 5 is critical for evaluating the reliability
and selection of monitoring systems for slopes. The value of this critical reading frequency
should be estimated for each slope and wall of the mine by considering the timescale
associated with failure and considering the geology, design, environmental conditions, and
the economic impact of the failure. In general, monitoring should be performed at higher
frequencies (i.e., shorter periods) if there are design uncertainties, existence of frequent
rainfalls, snowfalls, high-speed winds, and harsh service condition (e.g., frequent blasting),
as well as for walls with higher economic impact and importance to continue mine production. In such cases, the critical value of the reading frequency should be shifted
upwards in Fig. 5. Existence of complementary measurement devices (e.g., ground water
pressure monitoring) justifies having lower reading frequencies and shifting this value
downwards.
Figure 6 shows the typical reliability of various common monitoring systems evaluated
based on the proposed reliability maps for slopes with a wide range of predicted deformation to failure, D. In the development of this figure, the typical precision of each device
(from Fig. 4) was used. As an example, Slope stability radar systems (e.g., Ground Probe
series) are mainly used to monitor surface displacements of slopes and walls over large
areas. In most cases, the scanning speed is high and the slope monitoring can be considered
quasi-continuous. The typical precision of these devices is in the range of 0.1–0.4 mm,
which is much smaller than the predicted failure deformation for most slopes. Therefore,
these systems are ‘Highly Reliable’ for most mine walls and slopes. Exceptions are cases
where the predicted deformation failure is very small (\55 mm), which is not common.

Fig. 6 Reliability of various monitoring systems. The reliability of monitoring systems in the regions
denoted by ‘Reliable/Low Reliability’ and ‘Low Reliability/Not Reliable’ depends on the system frequency
of reading and the critical reading frequency denoted by hr(s) in Fig. 5. If the measurement frequency is
lower than the critical value, then the lower level of reliability should be selected (e.g., in the case of
‘Reliable/Low Reliability’, ‘Low Reliability’ should be selected.)
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5 Conclusions
A relatively simple method for evaluating the reliability of slope monitoring systems is
proposed, which can help in selecting effective systems for slope and mine management.
The method is based on constructing monitoring system reliability maps for the slope and
entails evaluating two key parameters of the slope:
• Expected displacement to failure, and
• Critical reading frequency.
These parameters depend on the geology, design, environmental and service conditions
of the slope, as well as the economic impact of the slope failure. The developed map for a
slope can be used to evaluate the reliability and selection of slope monitoring systems by
considering:
• Coverage area of the monitoring system (discrete points or large area),
• Monitoring system reading (measurement) frequency, and
• Deformation monitoring system precision.
In general, systems that monitor the surface deformation over a large area of the slope at
high frequency and are able to detect displacements much smaller than the expected
displacement to failure are considered to be Highly Reliable. This statement assumes that
the intrinsic reliability of the system to perform its intended function is verified through
other means.
Once a monitoring program is adopted based on the analysis of slope and reliability
consideration, the monitored displacement patterns should be continuously compared to
the design displacement field. Variations between the design and actual displacement field
are indication of unexpected behavior or incorrect modeling assumptions. This is particularly important for mine walls with very long service time, since significant changes in the
geological and service condition of the slope could occur during the service life. For
example, a weathered low-strength rock mass would be expected to behave in a more
plastic or ductile manner than a fresh high-strength rock mass. Such geological change that
may occur in mine walls during their service life and the associated changes in the
deformation pattern manifest themselves in the measured information obtained from the
monitoring system.
In general, a considerable margin of uncertainty exists in estimating the strength of the
rock mass and its variation by time and environmental condition, hidden geological and
hydrological details and seismic and operational loading (e.g., blast). Therefore, it is
recommended to exploit several different monitoring methods together to facilitate the
interpretation of instrument records and enhance the accuracy of the monitoring system
(Girard and McHugh 2000). It is also recommended to incorporate some level of redundancy in the monitoring system by using multiple systems to cross-check instrument
performance and eliminate errors. Redundant or overlapping measurements will also
provide a backup in the case of instrument failure.
It is noteworthy that implantation of monitoring systems in conditions which limit the
possibilities for contingency action or where contingency action cannot be implemented
sufficiently fast does not provide any advantage for loss prevention. Thus, when designing
the monitoring system, equal attention should be devoted to the development of such
contingency actions.
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