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Delineating and defining the boundaries of an active
landslide in the rainforest of Puerto Rico using
a combination of airborne and terrestrial LIDAR data

Abstract Light detection and ranging (LIDAR) is a remote sensing
technique that uses light, often using pulses from a laser to mea-
sure the distance to a target. Both terrestrial- and airborne-based
LIDAR techniques have been frequently used to map landslides.
Airborne LIDAR has the advantage of identifying large scarps of
landslides covered by tree canopies and is widely applied in iden-
tifying historical and current active landslides hidden in forested
areas. However, because landslides naturally have relatively small
vertical surface deformation in the foot area, it is practically
difficult to identify the margins of landslide foot area with the
limited spatial resolution (few decimeters) of airborne LIDAR.
Alternatively, ground-based LIDAR can achieve resolution of sev-
eral centimeters and also has the advantages of being portable,
repeatable, and less costly. Thus, ground-based LIDAR can be used
to identify small deformations in landslide foot areas by differenc-
ing repeated terrestrial laser scanning surveys. This study demon-
strates a method of identifying the superficial boundaries as well
as the bottom boundary (sliding plane) of an active landslide in
National Rainforest Park, Puerto Rico, USA, using the combina-
tion of ground-based and airborne LIDAR data. The method of
combining terrestrial and airborne LIDAR data can be used to
study landslides in other regions. This study also indicates that
intensity and density of laser point clouds are remarkably useful in
identifying superficial boundaries of landslides.
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Introduction
Landslides are the major geological hazard in Puerto Rico, as well
as in the whole Caribbean region. Mountainous terrain and trop-
ical climate combine to make the island one of the most landslide-
prone areas in the USA. An active landslide in El Yunque National
Rainforest, Puerto Rico, was investigated in this study. The land-
slide is located on a steep, north-facing mountain slope in
rainforest. Major displacements of the landslide in 2004 and
2005 blocked one of three access roads to the national park. In
order to reopen the roadway (Puerto Rico 9966), a 100-m-long
steel sheet-piling wall was designed and constructed to restrain the
landslide (Fig. 1). During construction, a portion of the west end of
the wall failed. The failure was attributed to insufficient depth of
the support steel piles. The retaining wall was rebuilt with the
depth of the support steel piles having been doubled. The recon-
struction was finally completed at the end of 2009. However, the
previously failed section continued to show slope and flexural
deformation over the spring and summer of 2010 and finally
ruptured in July of 2010, during a heavy rainfall (Fig. 1, bottom).
As a result, the road was not reopened. The other two access roads
also suffer from frequent small-scale landslides and rockfalls. The
loss of the road is a major concern to EL Yunque National
Rainforest administration and the local government.

The failure of the retaining wall implies that the size of the
landslide was larger than the size estimated by the designers of the
retaining wall. However, the significant deformation area of the
retaining wall was limited to a small section, about 10-m wide
(Fig. 1). This suggests that the future motion of landslide might still
be retained by proper engineering design and construction.
Therefore, identifying the true extent and depth of the landslide
has become the key issue for taking further actions. However,
landslides occurring under steep and thickly forested areas are
difficult to map with conventional methods. Limited visibility and
difficult access reduce the area that can be directly observed using
standard aerial photography, satellite imagery, or ground-based
surveys.

During the past decades, light detection and ranging (LIDAR)
technology has been widely used in different disciplines, such as
archaeology, geography, geology, geomorphology, seismology, for-
estry, atmospheric physics, airborne laser swath mapping, and
laser altimetry (Wehr and Lohr 1999; Shan and Toth 2008). Laser
scanning was developed in three ways, depending on the position
of the sensor: terrestrial laser scanning (TLS), airborne laser scan-
ning (ALS), and satellite-based laser scanning (Carter et al. 2007).
High-resolution digital elevation maps derived from ALS data
have led to many novel studies in geoscience applications (e.g.,
Falls et al. 2004; Bevis et al. 2005; Glenn et al. 2005, 2006; Wooten
et al. 2007; Delano and Braun 2007). ALS has been frequently
applied in regional landslide mapping, modeling, monitoring,
and risk assessment in many parts of the word. The ability of
ALS to measure the land surface elevation beneath vegetated
canopy has significantly advanced landslide studies where the
terrain is forested (e.g., Van den Eeckhaut et al. 2007; Razak et
al. 2011). In these studies, high-resolution digital terrain models
(DTMs), also called 3D “bare-earth models,” derived from ALS
data served as the base data set for creating topographic maps and
for identifying landslide scarps.

TLS, also referred to as ground-based LIDAR, appeared at the
end of the 1990s (Heritage and Large 2009). TLS has frequently
been applied to the study of small-scale landslides in the last 5 to
10 years, particularly in studying active landslides (e.g., Abellan et
al. 2006, 2009; Teza et al. 2007, 2008; Travelletti et al. 2009; Corsini
et al. 2009; Dunning et al. 2009; Jaboyedoff et al. 2009; Kasperski et
al. 2010; Wang et al. 2011; Fanti et al. 2012). TLS surveys allow
researchers to generate detailed models of a landslide surface.
When two or more georeferenced digital surface or terrain models
obtained by multiple TLS surveys are available, the volume change
of sliding mass, the margins of the deformation area, and the
landslide displacement field, can be computed. Thus, TLS is par-
ticularly useful in detecting the margins of creeping landslides.

The number of publications discussing the use airborne and
ground-based LIDAR in landslide studies has grown considerably
during the last decade (Derron and Jaboyedoff 2010). Jaboyedoff et
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al. (2012) gave a comprehensive review of applications of ALS and
TLS in landslide studies. The majority of ALS applications in
landslide studies were limited to the detection of landslide scarps
based on hillshades of DTMs derived from ground returns (e.g.,
Carter et al. 2001; Haugerud et al. 2003; Ardizzone et al. 2007;
Jaboyedoff et al. 2008; Booth et al. 2009; Corsini et al. 2009).
Landslides naturally have large vertical deformation in the head
areas and insignificant vertical deformation in the foot areas,
particularly in the toe areas. The elevation accuracy of airborne
LIDAR data is typically at the level of a couple of decimeters for
large-scale mapping applications (e.g., Adams and Chandler 2002;
Bowen and Waltermire 2002; Hodgson et al. 2003; Habib 2008). As
a result, it is difficult to identify margins in landslide foot area
from DTM models derived from ALS data. Fortunately, foot areas
of landslides are often located in downslope areas of hills with
possible ground access, such as along road cuts. So TLS is often
feasible to map foot areas of landslides. In this paper we describe
the combination of TLS, ALS, and Global Positioning System
(GPS) data to identify superficial boundaries as well as the basal
failure plane of an active landslide in a rainforest.

Airborne LIDAR surveying and data processing
The airborne LIDAR scanning was performed by the National
Center for Airborne Laser Mapping (NCALM, http://
www.ncalm.org) during 13–16 May 2011. This survey was
performed with an Optech Gemini Airborne Laser Terrain
Mapper (serial number 09SEN185, http://www.optech.ca) mounted
in a twin-engine Cessna 337 Skymaster aircraft. The Optech
Gemini model is capable of laser pulse rates up to 167 kHz. It
records as many as four returns (including the first three and last)
per shot and has a switchable beam divergence of 0.25 and 0.80
milliradians. The data were collected at flying heights of 600 m
with 50 % overlap between adjacent flight lines. The laser beam

divergence was switched to 0.80 milliradians, which led to a spot
size of 0.48 m in diameter on the ground at 600 m flying height.
Simultaneous acquisition of aircraft position and orientation was
performed using a combination of differential kinematic GPS and
Inertial Navigation System (INS). Ground coordinates of laser
points were calculated by combining information from the scan-
ner, GPS/INS measurements, and calibration parameters.

Removing trees and vegetation, or identifying “bare-earth”
returns, is the primary focus of the data processing for this project.
A commercial software package, TerraSolid’s TerraScan (http://
www.terrasolid.fi), was used to classify the raw laser point into
three categories: ground, nonground (default), and artifacts (aeri-
al/isolated points and multi-path points). An automatic ground
classification procedure, specifically a TerraScan macro, was
performed initially, and then a manual process, “add point to
ground,” was conducted to correct classification errors in areas
where the automatic ground classification did not provide a good
result. The main purpose of the manual process is to retain
sufficient details of the bare-earth surface, while removing low
vegetation and tree trunks. Particular attention is paid to the
segmentation of points near sharp topographic features, such as
head scarps and flanks of the landslide, where it is often possible
to classify ground returns to non-ground returns due to the
pronounced topographic gradient.

Density and intensity of point clouds
Figure 2 shows point clouds hit on the flat surface (14×4 m) of a
black asphalt road in front of the retaining wall. The ALS point
density on the black road surface is about 10 points/m2. The
standard deviation of elevation measurements is 22 cm. The point
density in the deforested foot area is slightly higher than that of the
black road surface. However, the overall return point density was
almost doubled inside the rainforest due to multiple returns from
tree canopies and undergrowth. Up to four laser returns were
collected for laser pulses in the dense canopy area as shown in
Fig. 3. Figure 4 (left) shows the sparse and uneven distribution of
ground returns. Ground-point spacing can be larger than 5 m

Fig. 1 Panorama views at the landslide site taken on 25 May 2010 and 5 February
2011 during the first and third TLS surveys, respectively. Note that the panorama
view was slightly distorted. The wide-angle landscape was assembled with four
narrow-angle photos taken by the digital camera on the ground-based LIDAR
scanner using a free photo stitching software (http://hugin.sourceforge.net)

Fig. 2 Airborne LIDAR point clouds hit on the flat black asphalt road surface in
front of the landslide. The point density is 10 points/m2. The standard deviation of
vertical coordinates of these points is 21 cm. The unit of the scale in the bottom
figure is meter
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under tree canopies. The average point density inside the forest is
about 1 point/3 m2. However, there are considerably dense ground
returns along head scarps and both eastern and western flanks.
This is due to the fact that trees were felled and displaced along the
margins of the moving mass and soil was exposed. As a result, a
large number of laser points directly hit the ground surface along
the head scarps and two flanks, highlighting the boundary in
landslide head and body areas.

LIDAR systems provide both elevation and intensity records
for each laser return. LIDAR intensity, a relative measure of the
strength of each return pulse, in theory, is determined by an
object’s reflectance. Intensity values can be used to identify land-
cover classes when the data are carefully calibrated (e.g.,
Donoghue et al. 2007). Previous investigations have indicated that
LiDAR intensity values also depend on atmospheric transmission,
local incidence angle, surface roughness, laser beam divergence,
and sensor-to-object distance (e.g., Hodgson and Bresnahan 2004;
Mazzarini et al. 2007; Hasegawa 2006; Shrestha et al. 2007). In
general, LIDAR intensity is predominantly dependent on sensor-
to-object distance and subordinately dependents on local

incidence angle (e.g., Kaasalainen et al. 2005) and atmospheric
absorption (e.g., Mazzarini et al. 2007). Mazzarini et al. (2007)
reported that intensity level changes with the inverse square of
the distance. While intensity calibrations for the terrain’s direc-
tional spectral properties remain an open area of LIDAR research,
normalization of intensities based on sensor-to-object is fairly
straightforward to implement. In standard NCALM data process-
ing, the original intensities are normalized with the sensor-to-
object path lengths (Shrestha et al. 2007). Figure 4 (right) illus-
trates the normalized intensities of ground returns. The differ-
ences of intensities are mostly caused by the change of surface
material types. The high intensities (white) were returned
from soil while lower intensities (gray) were returned from
trees and vegetation.

The laser density and intensity images shown in Fig. 4
clearly delineate the margins of the landslide flanks and head
area. Furthermore, these images also define three distinctive
portions of the main landslide. The uppermost portion (head)
is characterized by very low point cloud density and intensity,
which indicates that the forest remains largely intact. The
landslide here is behaving as a largely coherent slide mass
with little deformation occurring at the surface. In contrast to
this, the middle portion (body) of the landslide is character-
ized by a very patchy distribution of point cloud density and
intensity indicating significant disruption of the trees by
ground surface deformation. The distribution of the higher
density and intensity point clouds is notably arc shaped
suggesting the occurrence of secondary scarps in this portion
of the landslide (Fig. 4). The bottom (foot and toe) of the
landslide is characterized by high density and intensity point
clouds as a consequence of the removal of the vegetation and
tree cover during earthwork and grading for the construction
of the retaining wall (see Fig. 1).

Accuracy of ALS data
The error budget for a given ALS is primarily driven by errors
from the laser source, the laser rangefinder, the kinematic GPS
position solution, the INS orientation solution, environmental
conditions, land-cover category, and errors involved in post-data
processing. Most vendors quote 15–18 cm vertical accuracy and
0.5 m horizontal accuracy. Vertical accuracy under 10 cm and

Fig. 3 Multiple returns collected by airborne LIDAR in a tree canopy covering area. These
two trees are located at the top of the graded landslide foot area (see Figs. 1 and 8)

Fig. 4 Images showing 2D distribution of ground returns (point clouds) collected by ALS and their intensities. The margins in the landslide head and body areas can be
identified from both point cloud density and intensity images. The unit of the scale in both figures is meter
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horizontal accuracy within 30 cm are often expected for most
NCALM data products (Shrestha et al. 1999, 2007; Slatton et al.
2007). In order to check the accuracy of airborne LIDAR, we
placed three ground targets in the landslide area during the air-
borne LIDAR survey period, which can be identified from the
intensity map of whole point clouds (Fig. 5). The ground targets
had a white coating that provided substantially different reflec-
tance than their surroundings. Figure 6 (left) shows the ground
target in the middle of the landslide foot area. The GPS receiver,

which was not on the table during ALS surveying, was used to
measure coordinates of the center of the table. We selected 11
bright points with large intensity values to represent the returns
from the table surface (Fig. 6, right). It is difficult to identify
ground targets with elevations of point clouds. The height and
diameter of the table is 0.8 and 1.2 m, respectively. Table 1 lists the
comparisons of table centers inferred from point clouds and GPS
antennas. The differences, also called accuracy, between the cen-
ters inferred from leaser points and measured by GPS are within
25 cm vertically and 40 cm horizontally. The standard deviations
(1σ), also called precision, of vertical coordinates of laser points
from ground targets are within 20 cm, which is comparable with
the vertical precision (22 cm) inferred from a large number of laser
points hit on the flat road in front of the retaining wall (Fig. 2). The
steep topography likely affected the accuracy of point clouds.
Table 1 also indicates that all three vertical coordinates of the
centers of the ground targets as inferred from ALS data are lower
than those inferred from GPS measurements, which might imply
the occurrence of a systematic vertical error in the ALS data set. In
summary, the vertical precision or repeatability of ALS point
clouds collected in this study is about 20 cm, whereas accuracy
in vertical and horizontal components are within 25 and 40 cm,
respectively.

Figure 7 shows the DTM and digital surface model (DSM) of
the landslide area derived from ALS data. The headscarps and
flanks of landslides are well defined on the DTM. Details of the
different portions of the head on the DTM are indicative of recent
activity and are strikingly accurate portrayals of what was ob-
served during the geologic surveys. However, the lower flank
boundaries of the current sliding mass in the deforested area are
hardly seen because of the insignificant changes in ground eleva-
tions, despite the considerably high point cloud density (about 12
points/m2). The lack of lower flank escarpments is typical of mass
movements that change from translational landslides to earth
flows in their foot and toes.

TLS data acquisition, processing, and accuracy
Three TLS campaign surveys were conducted in the landslide foot
area from 24 to 25 May 2010, 23 to 24 August 2010, and 5 to 6
February 2011 . A Riegl VZ-400 laser scanner (http://
www.riegl.com) was used to collect TLS data in the field. This
scanner provides high resolution, high-speed, 3D data acquisition
using a narrow infrared laser beam and a fast scanning mecha-
nism. The range of the scanner is up to 600 m with a point

Fig. 5 Intensity map of total airborne LIDAR returns showing places of three
ground targets placed in the field during airborne LIDAR survey

Fig. 6 Images showing the ground target in the middle of Fig. 5 and the laser points hit on the surface of the ground target. Note that the GPS antenna and rocks were
not on the table during the airborne LIDAR surveying period. The unit of the scale in the right figure is meter
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acquisition rate of up to 122,000 measurements/s. The scanner is
able to acquire a scene with a field of view of up to 360° horizontal
and 100° vertical in a single scan. The Riegl scanner has an
integrated digital compass for accurate north-determination of
the direction for polar alignment of the Scanner’s Own
Coordinate System (SOCS). A digital camera (NIKON D700) was
mounted on the top of the scanner. The camera was configured to
take 6 photos in a 360° view automatically at the end of each single
scan. The camera coordinate system was aligned to the intrinsic
reference system (SOCS) of the scanner. All the data collected in
the field by the terrestrial scanner and camera are managed by the
companion software Riscan PRO (Version 1.6.3). The images were
later registered to the laser scanner data and used as a texture
source in the photorealistic virtual model.

TLS data acquisition
Figure 8 shows point clouds collected during the first TLS cam-
paign survey in May 2010. The point clouds were colored with true
color obtained from photos taken with the digital camera. The
white point clouds represent places that were not caught by the
digital camera. The complete coverage of spatially complex objects
by TLS can only be guaranteed, if data collection is done from
different viewpoints. We conducted more than ten single scans
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Fig. 7 DSM (outer part) and DTM (inner part) derived from airborne LIDAR
data

Fig. 8 Colored point clouds collected by TLS (RIGEL VZ-400) on 25 May 2010
during the first TLS survey
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during each TLS campaign survey from different viewpoints locat-
ed inside and outside of the landslide foot area. The locations of
these single scans were carefully selected to capture the complete
surface geometry of the graded area. Ten reflective targets (control
points) were placed in the landslide area during the TLS survey. We
also installed three GPS stations in the study area during each TLS
campaign survey. GPS0 is outside of the landslide area beyond the
toe. GPS2 and GPS1 are in the high and low parts of the landslide foot
area, respectively (see Fig. 11). Three GPS stations were continuously
operated during each TLS survey period. OPUS, a free on-line GPS
data processing service provided byNGS (www.ngs.noaa.gov/OPUS),
was used to calculate the global positions of these three GPS anten-
nas (over 8 h). According to our recent study (Wang and Soler 2012),
horizontal accuracy of 1 cm and vertical accuracy of 2 cm are
achievable for 8-h or longer sessions in Puerto Rico. Three reflectors
were co-located with these GPS antennas (Fig. 9). Each single-scan
has its own local coordinate system (SOCS) and could identify at
least four reflectors in the field. RISCAN Pro was used to register all
single scans to a common reference frame, called project coordinate
system (PRCS).We used the SOCS assigned by the scanner to the first
scan position as the PRCS for each campaign survey. The registration
errors, root mean error square (RMES), were less than 2 cm for all
registrations. The overall registration was refined based on indepen-
dent measurements from these three GPS units. The PRCS coordi-
nate system was transferred to a global coordinate system using GPS
coordinates. The RMSE generated during the coordinate transfor-
mation was less than 3 cm. The density of point clouds in the
landslide area varied considerably. Most areas were scanned more
than three times; some were only scanned once. The shadow-masked
zones (dark holes) in Fig. 8 were not scanned because of irregular
topography. Figure 10 shows point clouds of a segment of flat surface
of the black asphalt road in front of the landslide. The left edge shows
the density as high as 40 points within a 5×5 cm area, which were
scanned five times, while the right part shows the density of 1 to 2
points within an area of the same cell size, which were scanned only
once. The majority of the deforested landslide foot area was scanned
more than three times and the point density was higher than 5
points/25-cm2 cell.

Accuracy of TLS data
The raw data product of a laser scan survey is a three-dimensional
(3D) point cloud, a common coordinate system in which each data

point has X (easting), Y (northing), and Z (relative height) values,
intensity, and red, green, and blue color values. According to the
estimation from the vendor, Riegl VZ-400 achieves precision and
accuracy at the level of 3 and 5 mm, respectively. Precision in-
dicates the degree to which further measurements show the same
result, also called reproducibility or repeatability. The standard
deviation (1σ) of a group of samples collected on a surface at
100-m range is used as the value of precision by vendors. About
68 % of the samples will fall within the limit. Accuracy is defined
as the degree (one sigma at 100 m range) of conformity of a
measured quantity to its true position. Nevertheless, the precision
and accuracy given by manufacturers were obtained under ideal
conditions. The instrumental accuracy is usually lower in practical
applications due to unfavorable conditions such as: poorly reflec-
tive or very rough surfaces, bad weather conditions (e.g., rain
drops, hot wind, or fog), very bright ambient conditions, parallel
incident angles, excessive range, etc. We checked the point-to-
point distance between each two reflectors collocated with GPS.
The differences of the distance measured by point clouds and GPS

Fig. 9 Colored TLS point clouds showing a pair of collocated GPS antenna and
reflector (red round panel) installed for TLS survey

Fig. 10 The top map shows TLS point clouds hit on a piece of flat black asphalt
road surface (5×6 m) in front of the retaining wall. The bottom map is a zoomed
in view of the red rectangle area in the top map. The point density was about 40
points/25 cm2 (5×5 cm cell) in the left side and 1 to 2 points/25 cm2 in the right
side. The left side was scanned five times from different scan positions
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are within 3 cm for all three TLS campaign surveys. We cut a piece
of flat road surface (14×4 m) in front of the road to study the
vertical precision (repeatability) of laser returns. There were about
98,000 points (1,500 points/m2). The standard deviation (σ) of
vertical measurements of these points was 2 cm.

The point cloud from each single scan was exported as ASCII
data using the Riscan Pro software. These data points were un-
evenly distributed spatially. In order to generate a raster from
them or view them as a surface image, interpolation and gridding
was requ i red . The Gener i c Mapp ing Too l s (h t tp : / /
gmt.soest.hawaii.edu), a Linux-based open-source software pack-
age widely utilized in the geophysical community for manipulating
geographic and Cartesian data sets (Wessel and Smith 1991, 1998),
was used for data gridding and interpolation. A DSM with the cell
size of 5×5 cm was developed by using the uniformly gridded data
sets. The detailed method of gridding and interpolation was de-
scribed in a previous publication (Wang et al. 2011). The gridding
and interpolation process of producing DSM may involve certain
errors. Given the high density of the point cloud (more than 5
points/5×5 cm cell), a high-accuracy DSM could be provided. We
did not try to pursue the details of the accuracy of DSMs derived
from TLS data in this study, which may be slightly different
between flat and sloped areas, and between deforested and forest-
ed areas. We expect that the overall accuracy of DSMs derived
from the TLS data collected for this study is within 3 to 5 cm.

Differential TLS
In order to detect the deformation area of the sliding mass, the
difference of the first and third DSMs was calculated. DSMs sub-
tractions allow quantifying the variations of topography between
two individual TLS surveys: a negative value on the vertical axis
corresponds to subsidence; whereas a positive value corresponds
to uplift. Figure 11 illustrates the difference of the last DSM (5
February 2011) and the first DSM (25 May 2010), showing the
change of topography (elevation) within the 10-month period.
The red patterns represent increased elevations, while the blue
patterns represent decreased elevations. The deforested lower por-
tion of the landslide is dominated by red patterns with a few light
blue zones. The vegetated higher portion is marked by very patchy
deep red and blue patterns, which indicate large elevation change
caused by the displacement (moving down and forward) of tree
canopies and thus serve as a proxy of ground surface movement.
The light blue and red interactive color patterns along the left and
right sides indicate very slight variations of elevations, which could
be caused by the swing of tree canopies. In fact, the light and fine
red and blue intervals indicate the stableness of the ground under
trees. The color patterns inferred from differential TLS data clearly
identify the superficial boundaries of the sliding mass in the
deforested area.

Combination of airborne LIDAR, TLS, GPS data, and field observations
Since both ALS data and TLS data sets can be tied to a global
coordinate system by the three GPS stations, it is technically easy
to combine ALS and TLS data. Figure 12 illustrates the hillshaded
bare-earth topographic map derived from ALS and TLS combined
digital elevation data. The superficial margins of the whole sliding
mass are obtained by combining the upper margins delineated by
ALS (Figs. 4 and 7) and lower margins delineated by differential
TLS (Fig. 11). The head scarps and both flanks can be clearly

identified from the hillshaded topographic map though the reso-
lution of points (ground returns) is pretty low, less than 1 point/
3 m2 in the head area. The landslide is about 50 m wide and 200 m
long. The head is about 60 m higher than the toe area. The overall
surface slope of the landslide is about 15°. The toe to head profile
indicates that the main head scarp is less than 8 m.

Sliding mechanism
The cross topography profile at the landslide head shown in Fig. 12
indicates that the western flank is about 2 m high. The east and
west flanks are essentially parallel and trend towards the N–NW.
Our followed field investigations indicate that extensively striated
1–3 m high escarpments in residual soils characterize both sides.
The head scarp is on the order of 6–8 m high and also formed on
residual soils and highly weathered rock. The western portion of
the head scarp is inclined to the N-NE at about 65°. Striations
indicate slip directions from N–NW to N–NE at angles from 50° to
70°. Escarpments along both flanks are steeply inclined from 50° to
70° and extensively striated. The flank striations indicate move-
ment from N–NW to N along a basal slip plane at angles 40° near
the head, 25° in the middle and 18° in the lower portions of the
landslide. The parallelism of west and east flanks and the steep
scarps are interpreted as the product of bedrock structural control
over the landslide. The occurrence of displaced fractured bedrock
in the lower portions of the head scarp also suggests that the
landslide movement is controlled by the joint and fractures in
the underlying bedrock. This leads to the inference that the basal
failure plane lies within the bedrock transition zone below the
thick residual soil and colluvium that cover the site.

GPS measurements and TLS data indicate that there was very
slight movement during the period between the second TLS survey
(August 2010) and the third TLS survey (February 2011) (Table 2).

Fig. 11 The changes of elevations derived from two TLS DSMs on 5 February 2011
and 25 May 2010. Red and blue color patterns indicate increasing and
decreasing of elevations of ground surface, respectively. The dark dashed and
dotted lines draw out the superficial margins of the sliding mass in the landslide
foot area
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However, there was certain volume change within the landslide toe
area during this period because rainfalls washed away significant
soil mass through the ruptured section of the retaining wall. The
DSMs derived from the differences between the first and second
TLS surveys were used in the following analysis. The total dis-
placements measured by GPS2 on the upper portions of the land-
slide toe were 3.1, 0.87, and 0.37 m toward north, west, and
downward respectively (Table 2). The component displacements
can be resolved into a N15W net slip of 3.17 m at an angle of 3.6°.
The net slip and low angle are consistent with displacement of the
tree that stands between GPS2 and GPS1 seen in the TLS data on
Fig. 11. The sub-horizontal slip angle measured at GPS2 is used to
constrain the angle of the basal slip plane below the toe to the base
of the retaining wall. This angle is consistent with the slip striation
data in implying a smoothly curved basal slip plane whose slip
angle diminishes to a horizontal surface. Notably, slip striations of
3–5° were observed on the upper portion of the west flank. These
low angle striations however, are overprinted by a set of much
steeper striations (35–45°) and are believed to be remnants of the
earlier development of the landslide. The total displacements at
GPS1 are 2.5, 1, and 0.8 m towards north, west, and downward
respectively, which can be resolved into a N22W net slip of 2.74 m
at angle of 16.8°. The more steeply inclined inferred slip angle, the
rising of material behind the wall and the deformation at the top of
the wall (Fig. 11) are suggestive of an additional rotational failure
surface occurring at the base of the toe behind the retaining wall.
Earlier investigations during the final grading behind the wall
observed accurate escarpments and uplift behind the wall in this
same area. There were also steeper slip striations measured on the

extensions of both flanks into the toe of the landslide that ranged
from 18° to 30°. These steeper slip striations support the interpre-
tation of a rotational failure mechanism operating in the lower toe
portion of the landslide.

Sliding planes
The development of an adequate engineering design to minimize
the impact of the landslide requires an accurate model that in-
cludes the depth of the landslide mass, which is essential to
determine the internal stress distribution. Determining the depth
of the basal slip plane is usually accomplished by the emplacement
and monitoring of inclinometers within the landslide mass.
Limited access to landslides often precludes the emplacement of
inclinometers. In such cases geometric models can be constrained
by accurate location of the head and toe of the landslide and
determination of the slip plane angles as deduced from slip stria-
tions on head and flank escarpments.

Interpretations of the depth and form of the basal slip surface
of the El Yunque landslide are illustrated on the topographic
profile from the toe to head area (Fig. 13). The angles of the sliding
plane (failure surface) were inferred from the combination of GPS
measurements, topographical features, superficial margins, and
field measured slip striation data sets. A model of the internal
structure of the landslide was created, by utilizing the ALS data, to
develop a topographic profile and accurately locate the head scarp.
The TLS and GPS data were used to model deformation in the toe
behind the wall. The geologic profile model presented in Fig. 13
constrains the primary slip surface to initiate at a 60° angle at the
ALS delineated head scarp and terminate on a flat plane behind

Fig. 12 Hillshaded bare-earth topographic map plotted using ALS and TLS combined elevation data. Three sub-graphics illustrate topographic profiles crossing the
landslide toe area, head area, and from the toe to head area. Green lines indicate the landslide margins in the foot zone derived from TLS data. Red lines indicate
landslide margins in the body and head zones derived from ALS data
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the base of the wall at the elevation of the road. The angles derived
from the striation data were established in position along the
profile from the head scarp plane to the toe and a smoothly curved
surface was drawn to conform to the data (Fig. 13, red curved
lines). The occurrence of additional scarps and slip planes within
the landslide were inferred from field observations, the point
cloud density and intensity images (Fig. 4) and the TLS-GPS data.
The total volume of the landslide based on area above the modeled
basal slip surface and a landslide width of 50 m is estimated to be
219,480 m3.

The depth to the basal slip plane below the lower portions of
the landslide was also estimated using the TLS and GPS data. The
decrease in displacements between GPS2 to GPS1 (high to low
elevations) and the increase in volume at the toe (Fig. 11) suggested
that the displacement of the lower portion of the landslide is
driven by the displacement of upper portions of the landslide.
This inference was verified by field observations of near meter
size displacements all along the head scarp and both flanks. The
volumetric change of the sliding mass in the foot area was calcu-
lated by the difference between the two DSM models derived from
two TLS surveys. The increase in volume of the landslide foot area
between the second and first TLS surveys was about 685 m3 (Wang
et al. 2011). The increased volume is considered to represent the
soil mass transferred from the upper portions to lower toe por-
tions of the landslide during the period between the two TLS
surveys. We used the 3.2-m displacement of GPS2, 50-m width of
the sliding mass (see Figs. 11 and 12), and net volume increase of
685 m3 at the toe, to estimate the depth of the basal slip surface
below GPS2 at about 4.3 m. A model of the basal slip surface
constrained to 4.3 m depth and a 3° angle below GPS2 and to
terminate at the ALS defined head scarp is illustrated as a dotted
curved line on Fig. 13. The inferred slide plane angle is not con-
sistent with striation data and remains very low throughout most

of the landslide, as does the depth. The total volume of the
landslide estimated from this model is only 106,290 m3.
Underestimation of the depth and volume of the landslide is a
consequence of assuming the entire toe mass was displaced the
3.2 m measured in GPS2. Both the GPS1 data and the TLS data
indicate inhomogeneous deformation (displacement) within the
landslide foot area. Figure 11 shows that the tree to the east of GPS2
was only displaced about half of the distance of the tree between
GPS2 and GPS1. Differential displacement within the toe is
expected if the landslide is moving as an earth flow where there
is greater displacement in the center and less along the sides and
bottom of the toe mass. Also, the greater amount and direction of
displacement of GPS2 and GPS1 were caused by the deformation
and eventual rupture of a section of the retaining wall. More GPS
instruments and/or TLS markers distributed within the toe mass
may have allowed for a better determination of the average dis-
placement of the toe mass. The depth to the basal slip surface
calculated using an average displacement of 1 m. A slip surface
constrained to this depth and 3° angle below the toe is shown as a
dashed line on Fig. 13. This modeled slip surface while similar in
form to geometric model is 6 m shallower and underestimates the
volume of the landslide at 156,150 m3. Another slip surface model
based solely on the ALS data was modeled with the only con-
straints being that the slip surface end in a 3° angle at the base of
the retaining wall and to initiate at a steep 60° angle at the head
scarp. This model, as shown with a dashed–dotted curve on Fig. 13,
is similar in shape and depth to the geometric model generated
using the slip striations and provides reasonable estimates of 18 m
for the depth and 185,675 m3 for the volume of the slide. A
displacement of about 0.75 m of the upper slide mass is suggested
by using the estimated depth of about 18 m from the model and
the 685 m3 TLS derived volume change. The significance of this is
that the integrated ALS, TLS, and GPS data and some reasonable
assumptions about the shape of landslide slip surfaces have
allowed us to delineate the size and extent of the landslide, esti-
mate its depth and volume, as well as recognize recent activity.

Discussion and conclusions
We estimate that the total volume of the current sliding mass to be
over 200,000 m3 based on the 3D geometry of the sliding mass
derived from this study. The step scarps in the east flank and head
area shown in the DTMs (Figs. 7 and 12) indicate that the landslide
is still retreating, which was also verified by our field investiga-
tions. The surprising result of this study is that despite the 0.75 m
displacement of this huge landslide mass, most of the retaining
wall remains intact. The TLS data demonstrated that the displaced
landslide mass is piling up behind the retaining wall. The TLS and

Table 2 Relative positions of three GPS antennas during TLS surveys

TLS survey Date GPS0 GPS1 (m) GPS2 (m)
EW NS Vertical EW NS Vertical EW NS Vertical

First TLS survey 25 May 2010 0 0 0 −49.84 −35.77 10.06 −30.00 −65.87 18.63

Second TLS survey 24 August 2010 0 0 0 −50.84 −33.29 9.28 −30.87 −62.68 18.26

Third TLS survey 5 February 2011 0 0 0 −50.86 −33.25 9.19 −30.88 −62.61 18.20

Displacement −1.02 2.52 –0.87 −0.88 3.26 −0.43

Fig. 13 A sketch showing slide planes (red curved lines) of the landslide
inferred from the integration of GPS measurements, LIDAR data, and field
measurements of slip striations and dip angles observed on both flanks and head
scarps. The dark lines represent assumed slip planes based on different scenarios.
The details are explained in the “Sliding planes”

Landslides 10 & (2013) 511



GPS data indicate that the rupture of the western section of the
wall was caused by a localized concentration of displacement and
a rotational failure mechanism at the toe. Our findings suggest that
it may be possible to repair the ruptured portion of the wall and,
with routine maintenance at the toe, prevent failure along the
remainder of the wall. A successful rehabilitation design for the
retaining wall will require that our findings be augmented by a
detailed geotechnical investigation with adequate subsurface data
from borings and inclinometers within the accessible toe portion
of the landslide.

LIDAR technology and modern software have provided prac-
ticing geologists a new way to map the Earth’s surface and land
cover at unprecedented spatial resolution and accuracy over large
areas, which is opening new ways of investigating landslide phe-
nomena. TLS has high resolution and accuracy, but very limited
spatial coverage. ALS has somewhat lower resolution and accura-
cy, but basically unlimited spatial coverage. TLS complements ALS
by providing high-accuracy and high-resolution data for study
specific areas that cannot be addressed by ALS alone. The ability
of ALS to acquiring densely sampled bare-earth elevations beneath
forest canopies is particularly critical to studying landslide and
other topographic features hidden in forest areas which have
traditionally been difficult to study with remote sensing and onsite
techniques. The portability and low-cost advantages of TLS make
it is feasible to conduct repeated surveys and study the deforma-
tion of currently active landslides. Many key scientific questions
are setting on high-resolution and high-accuracy topographic data,
as well as point cloud density and intensity data. It takes creative
and well-designed data acquisition procedures and data filtering
techniques to meet these standards. Integration of ALS and TLS
data will greatly increase both data density and accuracy, which
will, in turn, create new challenges in data processing and man-
agement, but also new research opportunities.
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