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Abstract

In order to develop a technique for remotely monitoring deformation of slope before the failure, a
method of repeated surveying of the surface using a laser scanner set on the ground was studied. The accuracy
of measurement was verified by a laboratory test and spatial stacking was proposed to suppress the effect of
errors in measurement on the calculation of deformation.

The method was applied to failure experiments carried out on a model slope (5 m in height, 1 m in
depth and 30◦ in inclination). The data revealed the distribution of deformation on the slope and its time
variation. Subsidence and retreat of the surface’s upper region and the uplift and advance of surface in its lower
region were recognized approximately 30 minutes before the failure. Areas of each deformation enlarged with
time. The amount of deformation was up to 0.2 m and acceleration was observed in some segments of the slope.
Data obtained using this method revealed time dependent characteristics of pre-failure slope deformation.

The measuring technique was applied to an actual slope failure. The scarp of slope failure was surveyed
twice with an interval of one month using a long-range-type laser scanner. Displacement of a rock separated
from a scarp by cracks was detected. It is clarified that density of data is important to calculate precise
deformation.
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Introduction

Assessing and controlling the risk of a secondary disaster during a search and rescue (S&R) operation
at a disaster site are difficult because both the quantity and quality of information regarding the disaster
are usually inadequate due to the limited time and space available for investigation. As one example, sixty
fire-fighting volunteers were killed during an S&R activity because of a secondary failure of a slope that
occurred approximately four hours after the initial slope failure, which had buried one person in Shigeto,
Kochi prefecture, Japan, in 1972 (Nakagawa and Okunishi (1977).

An intensive S&R activity was undertaken in a slope failure at Myoken, Nagaoka city triggered by
Niigataken-Chuetsu Earthquake on 23 October 2004. It started at noon on 26 October and finished in the
afternoon of 28 October. In this case, experts from the Public Work Research Institute conducted aerial
and ground investigations, then identified the risk factors. They suggested a mitigation plan that included
target areas to be watched, arrangement of watchmen, and an action plan for each member in the case of an
emergency. This effort led the activity to safe completion and was highly appreciated by rescue crews (Ebisawa
(2005)).

The author was dispatched to the rescue site at midnight after experts from the PWRI completed their
intensive half-day-long work. During the activity, the author realized the necessity of automatic monitoring
because visual monitoring seemed ineffective due to darkness, large dead angles, decrease in the concentration
levels of watchmen over time and the bluntness of the human senses in detecting slow movements.

Extensometers are frequently used in the field of slope failure. Saito and Uezawa (1961) first discussed
the time prediction of failure using extensometer data; related studies have been carried out (e.g., Varnes
(1982), Fukuzono (1985), Hayashi and Yamamori (1991)). An extensometer is easy to set up, and it provides
one-dimensional data; therefore, it is easy to handle. On the other hand, it has the following drawbacks:

1) It measures the variation in the distance between two posts. One post must be located on the stable
ground and the other on the potential failure mass. However, it is difficult to recognize the failure part
and stable part before failure actually occurs, especially in cases in which numerous cracks exist on the
slope.

2) The installation must be carried out in an unstable area.
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Table 1. Specifications of equipments used in this study.

Fig. 1. Schematic arrangement for the test for the accuracy of measurement.

3) The direction of movement of the sliding mass is not always parallel to the direction of the extensometer’s
sensitivity.

By means of repeated surveying, it is possible to monitor the spatial distribution of the deformation on
a certain extent of the slope; therefore, defects 1 and 3 can be overcome. With regard to defect 2, some survey
methods require no targets, such as use of laser scanners, photographic measurements, and fringe analyses.
These methods can reveal three-dimensional deformations that can provide information for understanding the
mechanism of a potential failure. The application of such a method to monitoring of a slope failure can allow
the monitoring to start quickly and safely, which are the desirable qualities of an emergency response.

In this study, availability of repeated surveying using a laser scanner installed on the ground for moni-
toring pre-failure deformation of slope was investigated by means of an accuracy test, model slope experiments
and a field investigation. The laser scanner measures distance to a part of a target that lies within the angular
width of the laser pulse beam divergence, and it automatically scans the designated vertical and horizontal
angle widths by using designated angle intervals. The accuracy of the laser scanner is not as good as that of a
total station; however, it can quickly measure wide areas. The accuracy of measurement was checked by a test
in a laboratory and a method for compressing errors was suggested. The survey technique was then applied
to three failure experiments on a model slope to verify the possibility of detecting pre-failure deformation. To
check the ability of monitoring in a real topography, the scarp of the slope failure in Myoken was surveyed
using a long-range laser scanner twice with an interval of one month. Specifications of laser scanners used in
this study are listed in Table 1.

Accuracy test

Figure 1 shows the schematic arrangement for the test for determining the measurement accuracy. A
wooden plate was held by an NC milling machine set at a distance of about 6 m from the laser scanner. The
plate was measured by the scanner in its initial position and then displaced by 1.00 mm by the milling machine
and measured again.

Figure 2 shows the frequency distribution of the distance between the wooden plate and the vertical
plane on which the laser scanner was situated, which is parallel to the wooden plate. The average value is
0.00108 m, which is consistent with the real value. A certain portion of the data showed a significant positive
and negative difference. Multiple reflections can be considered as the most probable cause for them because the
target was in close proximity to the scanner and the wooden plate is a good reflector. The standard deviation
was 0.0034 m.

Stacking of data is one of methods to improve the measurement accuracy. Because the time available
in an emergency situation is generally limited, stacking along the time axis is not suitable in this case and
spatial averaging is preferable. It will be described in the subsequent “Data processing” section.
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Fig. 2. Frequency distribution of measured displacement of wooden plate.

Table 2. Conditions of measurements.

Failure experiment of a model slope

Experiments involving model slope failure induced by artificial rainfall were performed in the large-
scale rainfall simulator at the National Research Institute for Earth Science and Disaster Prevention (Fukuzono
and Terasawa (1985)).

A model slope covered by a soil layer with a height of 5 m, width of 4 m, depth of 1 m and an inclination
of 30 ◦ was constructed using river sand. Water was sprayed from nozzles that were set at a 6-m-high ceiling.
A series of preparatory sprays were applied to the model slope for about 10 days. Each preparatory spray
application was done for 8 h per day; its intensity was increased on a daily basis from 15 mm/h to 45 mm/h. On
the final day, the intensity was increased to 50 mm/h, and water was sprayed until the model slope eventually
failed. Three experiments were conducted. In experiment 1, water was allowed to seep from the bottom of the
soil layer. In experiments 2 and 3, no seepage was allowed. Figure 3 shows photographs of the model slope
before and after the failure.

Measurement conditions are listed in Table 2. The laser scanner was placed on a tripod stand on the
ground. In experiments 1 and 2, it was placed in front of the model slope. In experiment 3, it was placed in
an oblique direction approximately 7◦ from the nodal line of the model slope.
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Fig. 3. Photographs of model slope: (a) before the collapse, (b) after the collapse.

Data processing

The obtained data were converted to Cartesian coordinates. The directions of the axes were fixed
as shown in Figure 4; the Z-axis is aligned in the vertical direction, the Y-axis is along the macroscopically
longitudinal direction of the slope in the horizontal plane, and the X-axis is along the macroscopically transverse
direction. X = 0 represents the slope centre; Y = 0, the plane on which the laser scanner is mounted; and Z
= 0, the bottom of the slope.

The collected data were then processed as follows:

1) Isolated points in the air were eliminated because they were easily recognized as errors. This function
was realized by automatically eliminating the data that resulted in a steep overhang.

2) Data points were projected onto the X–Y plane.

3) Meshes with 0.1 m width were applied on the plane.

4) The Z values of all the points inside each mesh were averaged to give the representative Z value of that
mesh.

5) The difference in the representative value between the initial state and each measurement was calculated
for each mesh.

6) The result of 5) was plotted on the X–Y plane, thus providing the distribution of deformation along the
vertical direction at the time of each measurement.

7) The same procedure was performed for calculating the distribution of deformation along the Y direction
on the X–Z plane.

Process 4) represents data stacking mentioned in the section “Accuracy test” section. Assuming that
N observed points are scattered randomly within each mesh, the amount of the expected standard deviation
of the representative value, which is calculated by averaging over the observed points, would be 1/

√
N of that

of an individual point. Therefore, the expected value of the standard deviation of the representative values
for the meshes is considered to be from 0.0017 m (deformation in Z direction in experiment 2) to 0.0007 m
(deformation in Y in experiment 1). In the following sections, data obtained for experiment 2 will be used.
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Fig. 4. Definition of coordinate system.

Fig. 5. Distribution of deformation along the Z direction projected onto the X–Y plane in model
slope experiment 2. The time at which each measurement was performed is indicated above each
diagram; the original measurement was performed at 10:38:45.

Result of model slope failure

Spatial distribution of deformation
Figure 5 shows the variation in the distribution of deformation along the Z direction projected onto

the horizontal plane in experiment 2. The result of measurement at 10:38:45 was used as the initial shape. It
was subtracted from the result of each measurement at the time noted above each diagram. The time indicates
the start time of the measurement recorded by the PC. The failure occurred at about 11:45:00: the diagram
for 11:45:54 shows a topographic change before and after the failure. A positive value indicates uplift, whereas
a negative value indicates subsidence. In the diagram for 10:40:12, a small deformation is visible. Considering
that 87 s is a short period, this diagram can be interpreted as an example of the error that is inherent in
the method used in this study. The amount of deformation increases with time. Comparing the diagram for
11:19:35 to that for 10:40:12, it can be concluded that deformation can be detected prior to failure. In the
diagram for 11:10:48, a small amount of uplift can be observed in the middle section of the slope; it increases
with time in its spread as well as its amount. Subsidence is detected on the most distant area of the slope. It
increases monotonously in both area and amount.

Figure 6 shows the variation in distribution of deformation along the Y direction. A positive value
indicates retrogressing, whereas a negative value indicates swelling. In the diagram for 11:10:48, an area with
retrogressive deformation and another with swelling are visible at the top and middle (Z = 2) of the slope,
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Fig. 6. Distribution of deformation along the Y direction projected onto the X–Z plane in model
slope experiment 2. The time at which each measurement was performed is indicated above each
diagram; the original measurement was performed at 10:38:45.

Fig. 7. Change of longitudinal section of the slope centre. Deformation amount is enlarged 20 times.

respectively. The area and amount of each deformation increase with time.
These figures clarify that the amount and spatial distribution of deformation before the failure are

revealed by this method under the conditions of a model experiment. Furthermore, it may be possible to
estimate the failed section of the slope as a segment between a subsiding (retrogressing) area and a heaving
(swelling) area.
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Fig. 8. Time variations in deformation along Y direction (a) and along Z direction (b) in the model
slope experiment 2.

Time history of deformation
Figure 7 shows change of longitudinal section of the slope centre (X = 0). In the figure, the deformation

amount is enlarged 20 times. In the upper slope, subsidence occurred at the top of the slope before 11:00:36
and extended its area with time. In the lower slope, uplift deformation first appeared around Y = 15, but
uplift deformation of the slope between Y = 12.5 and 14 became dominant from 11:19:35. This result indicates
a migration of the actively deforming area over time. A similar migration was reported for a landslide in
Suemine (1983) and it was considered to result from progressive failure. The mechanism of creep preceding a
slope failure is not well understood (Tsuchiya and Ohmura (1985)). This result might provide an incentive for
further study of this mechanism.

Figure 8 shows the variations in the grid representative value: (a) shows variations in Y at the grid with
values of X and Z, as indicated in the corresponding diagrams; (b) shows those in Z at the grid with values of
X and Y, as indicated in the corresponding diagrams. On the uphill grids, retrogression and subsidence appear
almost one hour before the failure. The amount of subsidence was up to 0.15 m. Both swelling and uplift are
observed on the downhill grids. The amount of deformation is less in downhill grids than that in uphill grids.
The final amount of heaving at y = 13.5 was about 0.03 m which is sufficiently large compared to the expected
standard deviation. These results show that considerable acceleration in deformation was measurable using
this method.

This method provided a two-dimensional aspect of time dependent characteristics of pre-failure defor-
mation of slope such as migration of actively deforming area and acceleration of deformation. Investigation on
the characteristics is considered to be important for understanding the mechanism of pre-failure deformation
and for developing a more reliable method for failure time prediction. Data that are obtained using this method
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Fig. 9. (a) Distribution of difference in Y between two measurements of scarp of slope failure in
Myoken projected on X–Z plane. Solid line indicates contour of Y. (b) Photograph of the failure.

are useful for research as well as for monitoring slope failure.

Application to actual topography

The measurement and analysis techniques were applied to a real slope failure. The scarp of the Myoken
failure (Figure 9 (b)) was surveyed by a long-range-type laser scanner on 7 November and 7 December 2004.
Though many cracks had been found in the scarp, it could not be watched from the activity site. The author
felt necessity of automatic monitoring of it during activity.

The long-range laser scanner was set on the opposite side of the Shinano River. Each measurement
took about an hour because of the slow scanning. The time can be reduced by using a high-speed scanner and
by setting it nearer location.

Figure 9 (a) shows the difference in Y calculated using 0.5 m mesh between two measurements. The
contour line of Y value is shown by the solid line. Areas where data were not obtained due to dead angle
caused by trees and topography were masked by white color. Some of them are surrounded by areas of
large deformation, for example, an area surrounded by an ellipse (−77 < X < −78, 50 < Z < 60). These
deformations are considered to represent errors that are generated by the fact that low data density causes
rough representation of topography resulting that the difference between measurements will be sensitive. Such
error can be generated in areas where ground surface is much inclined to the sight line from the scanner, too. To
suppress this kind of error, it is necessary to make data density high enough to represent topography precisely.
On the other hand, the higher the data density, the longer a measurement takes. It is important to control
both the time and the accuracy of measurement when this method is applied to complicated geomorphologies.

A pair of retreat and progress can be seen as indicated by an arrow. According to the photograph, it
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corresponds to a rock segmented by a crack. This rock is considered to have shifted slightly during the interval
between the two measurements.

Conclusion

In order to estimate the risk of secondary disaster during rescue activities at a site suffering from slope
failure, a method was studied for real-time monitoring of slope deformation from a remote location.

The measurement accuracy was determined and spatial stacking was proposed to suppress the effects
of measurement error on the calculation of deformations.

Pre-failure surface deformation of the model slope was remotely monitored during an artificial rainfall
which eventually caused slope failure. The result revealed the distribution of vertical and horizontal deforma-
tions and its variation with time. Subsidence and retrogressing deformations were detected in the uphill area,
whereas uplift and swelling deformations were done in the downhill area. Time dependent processes of slope
failure were observed, e.g. acceleration in deformation and shift of the actively deforming area. The remote
monitoring technique that was used in this study can provide suitable data for understanding the mechanisms
of pre-failure slope deformation and for monitoring slope failure.

The measuring and analyzing technique was applied to a scarp of an actual slope failure. Deformation
was detected in a rock that had been segmented by cracks. It is clarified that density of data is important
to calculate precise deformation in complicated geomorphology. The reliability of monitoring even under such
adverse conditions is a topic for further study.
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