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Abstract: In mountain environments, slope and fluvial dynamics often interact, and their relationship
can be investigated through an integrated methodological approach. Landslides are a source of
supplying sediments into riverbeds and can interact or interrupt the water course. Water courses
can trigger or re-activate slope movements. The complexity of investigating the interaction between
the two dynamics needs a complementarity of methods and techniques, combining remote and
proximal sensing, geotechnical in situ surveys, and repositories and catalogue datasets. This leads
to a synergistic use of all the heterogeneous data from different fields and formats. The present
paper provides a literature review on the approaches and surveying procedures adopted in the
investigation of slope and fluvial dynamics and highlights the need to improve the integrated
management of geospatial information complemented by quality information. In this regard, we
outline a geodatabase structure capable of handling the variety of geoscientific data available at
different spatial and temporal scales, with derived products that are useful in integrated monitoring
tasks. Indeed, the future adoption of a shared physical structure would allow the merging and
synergistic use of data provided by different surveyors as well as the effective storing and sharing of
datasets from a monitoring perspective.

Keywords: slope instability; fluvial morphodynamics; integrated monitoring; geodatabase

1. Introduction

In mountain environments, slope dynamics includes different processes capable of
affecting the channel network and influencing fluvial dynamics. Landslides and other
mass-wasting processes can be important sources of supplying sediments into riverbeds
and can interact with and sometimes interrupt water courses [1]. On the other hand, water
courses can re-shape and/or re-activate slope movements, and water-level fluctuations can
affect the lower part of a slope leading to accelerated erosion processes [2]. Generally, the
interaction between slope processes and fluvial dynamics is characterized by a combination
of different events, such as multi-physical, interactive processes between water flows, multi-
sized sediment transport, and surficial morphological evolution. The above-mentioned
mechanisms have been reported in the recent literature. Costa et al. and Van Asch et al. [3,4]
discussed that if a rapid deposition of a large amount of sediment occurs, a landslide dam
can be produced. Moreover, Fan et al. and Li et al. [5,6] reported that water waves
can trigger landslides or collapses of the riverbanks. Other authors [1,7–10] outlined
that during extreme precipitation events, large amounts of sediment and material are
eroded and transported from hillslopes to the channel network in a short time. The
understanding of the complex phenomena involved in the interaction between slope and
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fluvial dynamics requires an integrated surveying approach and effective management
of the extremely heterogeneous datasets collected. Remote-sensing techniques, in situ
methods, and a repository of historical data need to be combined in order to provide a
quantitative description of such complex phenomena and validate the obtained results.

However, several issues still need to be addressed to achieve a fully integrated use of
geoscientific data in the investigation of the selected phenomena. Each of these methods
provide heterogeneous measurements and formats of the collected dataset: raster formats,
vector formats, 3D point clouds, single point coordinates, and points’ velocity; all these
datasets can be connected with historical maps, cartography, morphometry, hydrography,
and lithology [11]. Moreover, all the collected data must be linked to each other for in-
tegrated and multi-temporal analyses of fluvial and slope dynamics. All data should be
referred to the same reference system, and the accuracy value must be provided. Thus,
an inventory mechanism based on the modern geodatabase structure, able to manage
the dataset and make the data easily accessible and usable by the user, is required [12].
The availability of geodatabases for the abovementioned purposes may also assist in the
planning of investigations through the effective use of all pre-existing information [13].
In the attempt to support the investigations about past and present phenomena falling
into natural hazards, several databases and digital catalogues were developed by agencies
and research institutes, for many different purposes [14–20]. These databases adopt Geo-
graphical Information System (GIS) technology to archive, manage, process, and report
the results achieved. Basically, such datasets incorporate information about historical and
digital cartography, products of aerial photogrammetry at small-to-medium scales, and
documentation about historical events related to geo-hydrological hazards. Major limi-
tations of the available repositories lie in the heterogeneity of the database architectures,
which prevent their effective merging in a single database structure [21] and the ability
to inform on possible interactions between geo-hydrological phenomena. Moreover, ob-
vious limitations in the spatial detail of the reported information can be detected [17,22].
Databases are designed to incorporate dataset for specific phenomena (earthquakes, floods,
landslides, etc.) at a national scale or within the administrative boundaries of the involved
countries. Another limitation is the lack of the available database of structures being able
to include possible data from the geomatics surveying and monitoring activities, which
are complemented by the fundamental attributes about the source of measures, positional
accuracy, and coordinate system used; all of these are from a multi-temporal analyses
perspective and a synergic/integrated use of the geomatics technologies.

The main purpose of this paper is to provide a literature review on the methods
and applications adopted for research on slope and fluvial dynamics, with special atten-
tion given to those studies integrating slope and fluvial datasets. The literature review
showed limitations in the archiving and management of surveying data for an integrated
approach in multitemporal data analysis and the need to design a geodatabase structure
capable of handling and combining the amount and heterogeneity of geoscientific data,
which are nowadays collected at different spatial and temporal scales through modern
surveying techniques.

In this respect, the present paper outlines a schematic physical structure of an object-
based relational and geometric database (namely the geodatabase), which is able to incorpo-
rate pre-existing historical data, remote and proximal sensing, and site-specific information
from geomatics surveying, to be used in the investigation of slope dynamics and their
effect on channel networks through an integrated methodological approach. The future
adoption of a common and shared geodatabase structure would allow the synergistic use
of historical data and new information collected by monitoring with different surveying
technologies through more standardized approaches.

2. Investigation of Slope and Fluvial Dynamics: State-of-the-Art

The issue of analysing and interpreting the interaction between fluvial and slope
dynamics is catching on, and, in the last decades, the ability of scientists to investigate river
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beds and hillslopes has remarkably increased [23]. Fluvial geomorphology explores the
complex behaviour of river systems at different scales, from individual cross-sections to
entire basins [24–27]. It has increasingly become a popular topic over the last decade, also
as a support to sustainable river management, flood-risk assessment, and fluvial processes
analysis [27–30]. Channel systems continuously evolve responding to fluctuations and
changes of sediment supply and runoff; this can interact with channel morphologies,
bed material size, hydraulic forces, river islands, and construction sites [31–39]. The
movement and remodelling of soil due to anthropic actions can affect both slope and fluvial
dynamics [30,40]. On the one hand, interventions along the slope can generate significant
imbalances and modify the morphology of the riverbed; on the other hand, the construction
of fluvial works (such as dams, riverbanks, weirs, etc.) can restore the equilibrium of
the environment.

Scientists are trying to move toward an innovative direction that analyses geology,
topography, geomorphology, land cover, and run-off, by using digital maps, orthophotos,
digital elevation models for volumes computation, and displacements analyses [41,42].
Moreover, the improvement of high-resolution mapping tools, data accuracy, spatial cover-
age, and resurvey frequency represents a potential resource for monitoring morphological
channel dynamics at different scales [26,27,43–47].

Remote and proximal sensing (e.g., satellite radar interferometry, Global Navigation
Satellite Systems (GNSS) surveys, traditional topography, Uncrewed Aerial Vehicles (UAVs)
photogrammetry, and terrestrial laser scanning) are usually integrated with geotechnical
in situ surveys (e.g., by means of inclinometers, piezometers, extensometers, etc.). Spatial
surveying methodologies, such as satellite radar interferometry from Synthetic Aperture
Radar (SAR) images, led to maps of ground-surface deformations. Moreover, satellite, air-
borne, or UAV imagery (using RGB and multispectral sensors) can be effectively employed
for the mapping of fluvial riparian vegetation or strongly vegetated slopes, with important
implications in flood hazard assessment [48,49]. Proximity photogrammetry and LiDAR
are very effective for monitoring natural processes (landslides, floodplain width, and their
control on channel dynamics) because of the technological developments of UAV’s systems
(lightweight cameras, miniature GNSS, and miniature LIDAR) and the development of
new processing methodologies, both for LIDAR data and photogrammetric datasets [50].
These methods allow the generation of high-resolution 3D models at repeated intervals
(month or years) that can be used to calculate slope dynamics and sediment budgets and
to investigate channel-pattern changes [51–53]. Arrays of fixed cameras can be a suitable
alternative to the above-mentioned 3D methods to raise monitoring frequency [54,55].
Moreover, a terrestrial laser scanner allows the generation of 3D product, but requires direct
access to a site, so are rarely used in morphological applications. When the monitoring
of specific points or the establishment of a common reference system are required, GNSS
and a total station can be adopted. Geotechnical instruments (i.e., inclinometers and/or
extensometers) are used for slope dynamics assessment. Inclinometers allow for monitor-
ing displacements and deflections of slopes, embankments, and structures; the subsurface
location of a rupture, determine the magnitude, rate, and direction of movements can
be detected [50]. Extensometers allow for the measurement of the relative displacement
between two points [56–58]. Piezometers can be used to measure underground water
pressure, a crucial parameter in landslide analysis [59].

3. Methodologies and Techniques for Slope and Fluvial Dynamics

Different surveying techniques are used to monitor movements of unstable areas
and investigate slope and fluvial dynamics. A multidisciplinary approach and integra-
tion of different methods are the best option to understand slope dynamics and their
effects on channel networks [60,61]. The choice of the most suitable surveying method is
mandatory in geoscientific applications, and it depends on different parameters: (i) accessi-
bility, (ii) geographical and morpho-structural context, (iii) slope exposure and orientation,
(iv) vegetation cover, (v) size of the phenomena, etc. [60]. Limitations of one single method
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can be overcome by the integration with other sources [62]. Only a synergistic use of
multidisciplinary surveys and archive data allows a thorough investigation of geomorpho-
logical evolution [63], in particular of the interaction between slope and fluvial dynamics
(Figure 1).
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3.1. Archive Data

Inventories, catalogues, and archives are useful tools to investigate slopes and fluvial
dynamics. Different datasets and cartographic products can be found on online platforms
and in digital databases. The open-access availability of geospatial datasets and products is
rapidly increasing because of new monitoring technologies, new processing capabilities,
and a growing willingness to share data [64]. Satellite data have increased the number of
open-access products, and a wide range of datasets are continuously being released [65].
Different virtual platforms provide access to data, including Copernicus, European Space
Agency (ESA), Google Earth Pro, Google Earth Engine, NASA Earth Exchange, and Open
Data Cube [66–68]. Regional, national, or international repositories can be consulted to
examine various data. For instance, the Italian Regional and National Geoportals provides
different thematic maps, including geological maps, slope instability maps, and landslide
inventory maps, together with historical digital orthophotos, historical LiDAR, and inter-
ferometric data. Furthermore, meteorological data are useful to understand the interaction
between slope and fluvial dynamics, as well as morphological, morphometric, and hy-
drological data. Landslide inventories can be used for a variety of analyses, including:
(i) investigating landslide spatial distribution through landslide density maps; (ii) compar-
ing inventory maps obtained from different sources for the same area; (iii) evaluating the
completeness of the inventories; (iv) estimating the frequency of slope failure occurrence
through historical catalogues or multi-temporal inventory maps; (vi) analyzing size and
dimensions; (vii) assessing landslide susceptibility and hazards [69]; and (viii) establishing
levels of landslide risk [70], also with reference to fluvial dynamics. The accuracy of archive
and inventories depends on the quality and quantity of the information sources [71–75].
The reliability of detecting slope dynamics comes not only from aerial photographs’ inter-
pretation and systematic field surveys [76] but also from: (i) landslide age and freshness;
(ii) persistence of landslide morphology in the landscape; (iii) type, quality, and scale of
aerial photographs; (iv) morphological and geological complexity of the study area; and
(v) land use [77–79].

Benchmarks monographies and administrative information also belong to archive
data. Topographic surveys need benchmarks to ensure the repeatability through time
and compare the obtained results; monographies of historical and new benchmarks are
mandatory to find them and understand the performed measurements. With the term
administrative data, we refer to information not available in existing geospatial databases,
such as occurred maintenance yards, epoch, and type of activities. The need, the frequency
of intervention on a road or a retaining wall, and the volume of handled materials are
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relevant information to understand slope dynamics, its effects on the channel, and correctly
interpret field data.

3.2. New Field Data

In order to investigate the interaction between slope and fluvial dynamics, several
surveying techniques can be used and integrated in order to perform measurements and
analyses that cannot be reached with just one monitoring tool. Here, the field methodologies
and instruments are described below: Differential Interferometry based on Synthetic
Aperture Radar (DInSAR) satellite data, Global Navigation Satellite Systems surveys
(GNSS), Uncrewed Aerial Vehicles (UAVs) photogrammetry, UAV Light Detection and
Ranging (LiDAR), Terrestrial Laser Scanning (TLS), fixed cameras, Total Stations (TS),
inclinometers, extensometers, and piezometers. In Table 1, specifications of approaches for
on-field data acquisition are listed.

Table 1. Specifications of techniques for field data acquisition.

Field Data

TS GNSS TLS
UAV

Photogrammetry
and LiDAR

PSI Geotechnical
Instruments Piezometer

Natural
environment Yes Yes Yes Yes No Yes Yes

Anthropic
environment Yes Yes Yes Yes Yes Yes Yes

Vegetation No No No No No No -

Extension I Medium Medium
Large Medium Large Very

large Small Small

Frequency rate II C C P P C C C and P

Materialization
of benchmarks Yes Yes Optional Optional Optional Yes Yes

Point density III Low Low High High Medium Low Low

Reference
system Local Global Local Global Global Local Local

Integration IV Yes Yes Yes Yes Yes Yes Yes

Monitoring V PB PB AB AB PB PB PB

Magnitude of
Movements VI All All Fast Fast Slow Slow -

In-depth
movements No No No No No Yes -

Surface
movements Yes Yes Yes Yes Yes No -

Volume
calculation No No Yes Yes Yes No -

I Extension of the survey. Small: few metres around the installation; medium: tens of m2; large: hundreds of
m2; very large: thousands of m2. II C—continuous means that any frequency rate can be chosen according
to the phenomena, no operators on field are required. P—periodic. III Surveyed points density. Low: pts.
density < 1/m2; medium: pts. density < 4/m2; high: pts. density > 10/m2. IV It can be integrated with
other methods, georeferencing/constraint/calibration is required. V PB stands for point based, AB stands for
area based. VI All: slow and fast movements can be detected, related to point-materialization survival; slow:
millimetres–centimetres/year; fast > centimetres/year.

3.2.1. DInSAR

The multi-temporal DInSAR techniques are effective tools for ground deformation
analyses with a millimetre accuracy [80,81]. Different processing techniques are available:
the DInSAR technique exploits two or three successive passes of the satellite over the same
area to compute the interferogram and then the displacement map; Persistent Scatterer
Interferometry (PSI) is based on the stacking of multi-temporal interferograms and enables
the computation of the displacement time series of specific targets at the ground. These
targets are selected for their signal-reflection stability in time [82,83]. DInSAR technique
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is based on a differential approach, the displacement values are referred to a reference
position and to a reference epoch. In order to refer the results to an absolute frame,
the interferometric products need to be calibrated with GNSS data, providing absolute
positioning. Additionally, displacements are calculated along the line of sight (LOS), as
the computation of the 2D components of the displacement (i.e., vertical and horizontal)
requires both (ascending and descending) orbits.

Nowadays, InSAR techniques are widely used in slope instability monitoring, defor-
mation monitoring, natural hazard assessment [84–86]; the main benefits are related to [87]:
(a) the improvement of the spatial density of targets (without the need of maintenance)
with respect to traditional geodetic terrestrial survey techniques; (b) the possibility to cover,
with a single processing, a wide area at the ground (up to thousands of squared kilometres);
(c) the computation of long displacement time series and the value of the mean velocity of
the targets (the first available SAR dataset dates back to 1992); and (d) the high temporal res-
olution (few days or tens of days) of the series. Moreover, SAR-derived data (and remotely
sensed data in general) can be a fundamental source of information when it is not possible
to perform a ground survey on the investigated area due to its difficult accessibility [88].
However, the main limitations in this field of application must be mentioned, in particular:
the decorrelation phenomena due to the variability of the land cover [89]; the temporal
decorrelation due to occurrence of fast slope instability phenomena and the occurrence of
geometric distortion effects such as layover, foreshortening, or shadowing depending on
the slope gradient and orientation with respect to the acquisition geometry; and inability in
the detection of north–south displacements. Products of DInSAR processing are: original
SAR images (raster files), interferograms (raster files), and list of PS positions through time
(.txt file).

3.2.2. GNSS

In GNSS positioning, the coordinates of points are provided in a global reference
system [90,91]. Several methods for GNSS positioning can be implemented depending
on required accuracy, number of available receivers, need for real time coordinates, and
surveying repetition frequency. Land-monitoring applications can be performed by real-
time or post-processing solutions. Real-time positioning allows final accuracy at the cm
level, whereas the few mm levels of accuracy can be obtained with static methods based on
relative positioning. The surveying rate (periodic or continuous) is chosen according to the
risk associated to the phenomena.

GNSS has been effectively applied for the monitoring of slopes dynamics [92–95] to
provide information on the morphometry, locations, and displacements [96]. Access to the
area is required, and a proper materialization of interest points is mandatory for monitoring
or integrating purposes; any obstacle to the sight of satellites make this technique unwork-
able [97]. Products of GNSS surveys are observables, navigation files in binary formats
or RINEX files (Receiver Independent Exchange Format), required for post-processing
solutions, and points coordinates (.txt file). If the survey is designed with a high frequency
rate (continuous monitoring), the time series of the position will be available (.txt file).
Coordinates measured with GNSS systems are often used to georeference/constrain other
surveying methods.

3.2.3. UAV Photogrammetry

UAVs are largely used in geoscience applications because they can reach remote and
dangerous areas without risks for operators. They allow a rapid execution of the survey, the
collection of high-resolution images, geocoded data, and a proper design and automation
of flight paths. The use of image-processing methodologies, such as Structure from Motion
(SfM) photogrammetry, allows for the generation of 3D products with both photorealistic
and metric contents, a detailed reconstruction of the morphology of the investigated area
in a short time, and ensured affordable costs [60,98–104].
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Photogrammetry requires metric references in order to georeferenced the obtained
results; Ground Control Points (GCPs) or RTK UAVs can be used. GCPs are natural features
or artificial targets, with coordinates that are known; GCPs can be recognized on the images,
offering a ground constrain to the absolute orientation of the model. RTK UAVs allow
for acquiring geolocated images. The overall quality of obtained 3D reconstructions can
be affected by low overlap of images, blurry or bad-quality images, geometry of acqui-
sition, occlusions, shadows, complex topography, numerosity and distribution of GCPs,
accuracy of GCPs coordinates, camera modelling, ground sampling distance, and presence
of vegetation [105–110]. Casella et al. [111] tested various SfM software, approaches, and
GCPs configurations; they found that: an accuracy of 1–2 Ground Sample Distance (GSD)
in planimetry and 2–3 GSD in altimetry is confirmed if the 3D accuracy of GCPs is like
the GSD; a GCPs’ accuracy smaller than the GSD can lead to an overall accuracy of the
photogrammetric 3D model of less than 1 GSD for the horizontal component and 1.5 GSD
for the vertical one. Casella and several authors [112] also confirmed that accuracies are
better when the number of GCPs increased but their decreasing influence the results less
than expected.

UAV photogrammetry is well suited for volume computations and surface deforma-
tions control, for applications in small–medium extensions (till a few tenths of hectares)
and good-textured and sparse–low-vegetation areas. The rate of subsequent survey is
low (period monitoring), so operators on field and processing of data are required; the
repeatability is ensured if similar survey condition are guaranteed. A series of products can
be obtained through aerial photogrammetry: 3D point clouds (.txt, .las, .ptx, .e57), textured
meshes (.obj, .ply), DEM, and ortomosaic (.tiff, .kmz).

3.2.4. UAV LiDAR

LiDAR sensors have been newly developed and implemented on UAV systems. UAV
LiDAR has been increasingly used for applications including forestry, archaeology, and
infrastructure surveying [113,114], yet monitoring applications are still limited. UAV
LiDAR combines the benefits of both UAV and LiDAR: handling, efficacy, and simplicity of
operation and metric results [115,116]. UAV LiDAR provides advantages in terms of large
and uniform ground coverage over different geomorphic environments, high point density,
and ability to penetrate vegetation. This methodology results in high-resolution 3D models,
and it is well-suited for volume computation, surface deformations, and fast phenomena.
Tests performed by Lin et al. [115] exhibit a precision of about 5–10 cm and a sensitiveness to
external factors (flight configuration, surface characteristics) that is less than expected. The
repeatability of subsequent surveys is ensured by similar flight conditions and overlapping
scans. Ground targets or RTK systems are recommended for the georeferencing of the
resulting 3D model. The rate of subsequent survey is low (period monitoring), so operators
on field and processing of data are required. UAV LiDAR produces 3D point clouds (.txt,
.las, .ptx, .e57), so a Digital Surface Model (DSM) and Digital Terrain Model (DTM) can be
generated (.tiff, .geotiff).

3.2.5. TLS

TLS allows to digitize and model the shape of objects or surfaces by laser-scanning
technologies efficiently and productively. Digitization takes place discreetly by measuring
the three-dimensional position of a multitude of points; high resolution data that is accu-
rate and precise are provided in a short time [117,118]. Terrestrial scanners can perform
measurements at long distance (ranging from 150 m to 1000 m). The TLS method is well-
suited for areas that can be investigated from a stable and accessible location [119]. If the
operator needs to move the instrument on inaccessible areas, TLS is no longer an effective
methodology. Terrestrial scanners are generally quite heavy and need to be placed over a
tripod and properly levelled; additionally, in order to avoid occlusions, several locations
of the instrument are required. The high resolution and accuracy of measured data make
TLS an effective methodology for slopes’ instability, especially when man-made artefacts
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or sharp geometries occur [120]. The presence of vegetation makes the detection of the phe-
nomena and the registration of different scansions hard. Acquisition distance, resolution,
high oblique viewing angles, not-optimal external conditions or surface properties, poorly
designed scan location, and bad scans’ registration influence the overall quality of the
generated results [121]. Typically, in natural environments and easy-to-access conditions
a resolution of 1–3 cm, and an overall accuracy of 3–6 cm, can be achieved. The method-
ology produces scaled products in a local reference system (internal to the instrument);
for monitoring purposes, a georeferencing is required and performed through targets of
known position (at least four, well distributed). The position of the targets in a defined
reference system can be measured using a satellite-positioning system such as GNSS and
permits a multitemporal comparison between surveys performed through time [122]. The
repeatability of subsequent survey is ensured by similar acquisition parameters and data
processing (instrument, location, resolution, targets positioning). The rate of subsequent
survey is low (period monitoring), so operators on field are required. Generated products
are a 3D point cloud with RGB and reflectance contents (.txt, .ply, .pts, .e57, .las); meshes
and DEMs can be easily generated from the resulting point clouds.

3.2.6. Fixed Cameras

Capturing the overlapping images to compute 3D models can be performed with
two approaches: single camera moving around the object, and a set of stationary cameras
pointing to the object of interest [123]. Fixed systems compute 3D models with images
acquired by the same position, so the resulting processing is based on a limited camera
perspective. The reliability of photogrammetric outputs is guaranteed if an adequate
images’ distribution and convergence pose are designed [124]. Kromer et al. [125] discussed
results obtained with an array of five cameras, where accuracies of about 2–3 cm were
achieved. The surveying rate is arbitrary, the camera can be remotely controlled, and no
operators are required on site. Generated products are original images (.jpeg, .tiff), point
clouds, 3D models, and generated bidimensional products (DSM, orthophoto).

3.2.7. TS

The monitoring of instability phenomena often employs distance and angles data, as
measured by TS [97]. Total stations allow the measurement of both natural and artificial tar-
gets from the distance, access to the interest point is not required, and achievable accuracies
are about 1–3 cm. Measurements can be periodic or continuous and are performed in a local
reference system. On-site vegetation reduces the use of this method, and the intervisibility
instrument target is mandatory; atmospheric corrections models are required to reduce the
effects of refraction on the acquired measurements. In monitoring application, a stability
check of the local reference system is mandatory (for both total station position and bearing
reference), to ensure repeatability through time [126]. If the topographic survey needs to
be integrated with other data, georeferencing is required (often performed with GNSS).
Results of a topographic survey are: original measurements (.txt file) and point coordinates
(.txt file); if continuous monitoring is performed, a time series of the positions is generated.

3.2.8. Geotechnical Instruments: Inclinometers, Extensometers

For slope-dynamics investigation, geotechnical instruments are also used. Vertical
inclinometers enable the measurement of the relative horizontal displacements affecting
the installation. Inclinometers measure displacements in two perpendicular planes; thus,
displacement magnitudes and directions (vectors) can be calculated. Inclinometers are
used in several applications, such as monitoring landslide movement and slope stability,
as well as monitoring the impact of excavations on nearby facilities, deformations of
structures, and settlement of embankment fills and roadway subgrades. Inclinometers
present a maximum system precision of 1.2 mm per 30 m. The resolution is nearly linear
and constant at inclinations between ±30◦ from vertical [127]. Technicians with expertise
are usually required, but an automatic data-acquisition system may be required when:
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(i) there is a need for real-time monitoring and automatic alarms; (ii) sensors are located at
a remote site; and (iii) there are too many sensors for timely manual readings. Results of
inclinometers are a list of detected inclinations at various depths (.txt format).

Extensometers are used to measure and monitor lateral strains and displacements
of soil or rock along the axis of a borehole. They can also be used to monitor the lateral
movements of a wall or structure. The extensometer consists of two anchor plates, a
connecting rod, and a displacement transducer. The rod spans the distance from the anchor
to the reference head. A change in this distance, measured at the reference head, indicates
that movement has occurred. The system provides high-resolution measurements; an
electric head allows unattended monitoring by a data logger. Anchor depth is limited by
the orientation of rods, so free movement of the horizontal rods can be restricted by friction
and by pinching due to vertical movements; moreover, extensometers monitor movements
along the axis of a borehole. Results of extensometers are lists of detected movements
(.txt format).

3.2.9. Piezometers

Piezometers are tubes inserted into the saturated zone at or below the water table and
are the only instrument used to monitor pore-water pressure [128]. The system directly
measures the water level, so no buried sensing components are required. The response is
slow time in soils with low permeability and direct access for readings the value is required.
Ground conditions can affect the choice of instrument, so a standpipe piezometer is a
reliable indicator of pore-water pressure in soil with high permeability, but, in soils with
low permeability, the flow of water into and out of the standpipe is too slow to provide a
timely indication of pore-water pressure. Temperature and humidity also interfere with
the piezometer measurements, so instruments such as hydraulic piezometers and liquid-
settlement gauges have limited use in freezing weather. In tropical heat and humidity,
simple mechanical devices may be more reliable than electrical instruments. Results of
piezometer surveys are a list of water level values (.txt format).

3.3. Integrated Use of Techniques

Measurements from conventional monitoring techniques (e.g., inclinometers, exten-
someters, and topographic and GNSS surveys) are normally restricted to a small number
of ground points with respect to the surface of the investigated area. LiDAR and pho-
togrammetric applications detect a huge number of points, so some hectares areas could
be investigated; in addition, the same points cannot be surveyed at subsequent epochs,
only areal analysis can be performed. UAV photogrammetry, LiDAR, and TLS provide
high-density point clouds, enabling generation of high-quality models. All these techniques
are relatively costly and are very effective in providing huge amounts of measurements in
short time, improving understanding for changes and deformations. TLS provides highly
dense and accurate observations, but the deployment of the survey can be time-consuming
and difficult when dealing with steep terrains. Airborne methods (especially UAV) offer a
time-efficient and cost-effective solution for the monitoring of instability phenomena and
morphological changes or sedimentary processes along river channels and the development
of new processing methodologies, both for LIDAR data and photogrammetric datasets [50].
Given the pros and cons of each technique, an integrated use of datasets is fundamental for
obtaining reliable research outputs and helping to reduce uncertainties [90]. To this aim,
information about data quality, resolution, and accuracy must be collected and stored.

In this regard, GIS platforms are recognized as useful tools to collect, storage, manage,
process, analyse, and cartographically represent all the acquired data [126]. The existence of
different kinds of spatial information, raster and vector data, point polygons and polylines,
and sparse points coordinates necessitate the use of a GIS platform for the implementation,
harmonisation, and integration of the results [50]. The use of appropriate technologies
for landslide and river-channel mapping and monitoring is important in reducing risk of
slope dynamics [129]. Slope monitoring should be accomplished by field-based geodetic,
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geotechnical, and geophysical techniques and remote-sensing techniques [50]. Each mon-
itoring technique has limitations if applied individually, and a dense or multiparameter
data coverage is tricky [130]; thus, only a synergistic use of multidisciplinary surveys can
allow a complete multitemporal monitoring investigation [50].

4. Discussion

The literature review points out a more and more integrated technical approach to
the investigations of fluvial and slope dynamics. However, the effective management
of heterogeneous datasets aiming at an integrated approach is very often overlooked by
the authors of papers focused on relevant applications, and such papers rarely introduce
a description of geodatabase structures [14,18–20]. In addition, a geodatabase structure
designed for the integration of techniques for monitoring tasks should integrate infor-
mation about the timing of surveying and data quality. Based on the needs emerging
from the literature review, we propose a schematic physical structure of an object-based
relational and geometric database, allowing for the synergistic use of historical data and
new information collected by monitoring with different surveying technologies through
more standardized approaches (Figure 2).
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In the proposed scheme, the main outputs of field survey methodologies are listed, and
the most-used file formats are specified. Moreover, several possible interactions between
data are guaranteed by the proposed database structure. To allow the use of the surveying
data in successive monitoring activities, the database scheme includes a reference to the
epoch of surveying for any techniques and stores final or intermediate products of the
processing. The scheme is extensible through new tables.
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Four main tables compose the database: “on-field data”, “archive data”, “resource lo-
cation”, and “resource information”. On-field data and archive data are connected through
the “resources” and “geographic location” tables: geographic location is used to connect
on-field and repository data to location information, such as administration or basin-site
name; resources table connects all data to their format, position (meant as coordinates),
and reference epoch. These connections allow the user to search for geographical coordi-
nates, locations information, epoch, name of site, and type of data format. Repository data
represent: (i) an inventory of documentations about the investigated area and occurred
events (i.e., past activation of the phenomenon, relevant natural phenomena, or human
yards), intended as administrative data; and (ii) regional data with position information,
not specifically acquired in the investigated site but suitable for extrapolating useful data
for a specific case study. All data generated by in situ investigations form “in situ data”
tables; different formats need to be considered (raster, vector, punctual information, and
3D datasets), data are generated with various methodologies and sensors ranging from
topographic to geology, hydrology, and meteorological sciences. All these outputs can be
generated by means of numerous methodologies and provided in various file formats. To
query the database and correctly classify all the data, specific queries need to be created.
The queries allow the user to browse the entire database and focus the search on specific
resource type: on-field data type, format, specific epoch, coordinate, and site name.

Below is a brief description of the main resources:

- previous data (repository) are resources available for the region such as airborne
LiDAR, orthophoto, and PS-InSAR processing;

- meteorological data (repository) are information about the investigated site that can
be extrapolated from meteorological stations that are geographically distributed;

- water level (repository) for both the water table and any rivers coming from geograph-
ically distributed sensors;

- images (in situ) resource represents any image acquired on site;
- punctual data (in situ) are separated in coordinates, as both periodic and continuous

time series, belonging to topographic and GNSS surveys, in-depth movements coming
from inclinometers and similar sensors, and point velocities produced by continuous
survey and PS-InSAR;

- point clouds and 3D models (in situ) generated with TLS, UAV photogrammetry,
and LiDAR;

- DSM, DTM, orthophotos data (in situ) extracted from 3D sources;
- any meteorological and water level information derived by in situ instrumentations;
- benchmark monography represents images, annotations, and any information useful

in benchmark identification and use, for both historical and new benchmarks.

The physical structure of the outlined database is capable to support studies on slopes’
behaviour and morphodynamic parameters of channels according to two fundamental
principles. The first refers to the need to design a procedure of surveys according to
an integrated approach. The second relates to the need to organize data according to
a multi-temporal scheme as required by the monitoring purposes. To ensure this dual
need, the database structure should be designed to preserve the information about the
reference system the surveying data are referred to. Indeed, the adoption of a single-
coordinates reference system among products from different survey technologies allows
to merge solutions and compare results in a multitemporal perspective (see, for instance,
the detection of displacements or morphological variations due to landslide phenomena,
the comparison of the digital elevation models for sediment budgets, and the investigation
of channel pattern changes). Besides, the collection of surveying data related to a system
composed of slopes, river banks, and riverbeds at the desired spatial scale opens the way
to a quantitative representation of the interaction mechanisms and dynamics.

Therefore, the datasets stored in the geodatabase must preserve information about
the surveying methodologies adopted and the positioning accuracy characterizing vec-
tor products such as coordinates, point clouds, surfaces, and delimiting polygons. The
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quality parameters must also be associated with the raster products such as orthophotos,
photograms, and digital elevation models obtained from proximity aerial or terrestrial
photogrammetry. These parameters can be summarized by the GSD, metrical, and spectral
accuracy and must also be complemented by information on the surveying methodology.
Ancillary data on the level of accuracy of the individual products from the geomatic survey
make the assessment of the overall quality of the monitoring operations possible. In partic-
ular, in the monitoring of phenomena involving slow movements of slopes, it is essential to
preserve the maximum quality provided by the detection techniques so that the adopted
scheme is sensitive to small phenomena or small variations in the superficial morphology.

Since the merging of products in situ and remote-sensing techniques takes place
from the knowledge of reference points normally detected with the GNSS technique,
satellite positioning should be performed with the accuracy at a level of the adoptable
monitoring technology or better. Thus, a rapid static method survey or a static method
relative with sessions of sufficient duration is recommended to couple with the cm-level
accuracy achieved by terrestrial laser scanning and short-range photogrammetry. Moreover,
it must be considered that in environmental contexts such as those described in this work,
it can be very difficult to apply differential GNSS techniques in the detection of GCPs,
due to the lack of mobile data networks or limitations in the GNSS real-time kinematic
(RTK) methods because of obstacles for the radio connection and difficulties for the setup
of instruments in the area. In any case, information relating to the GNSS methods used
must be reported in the database as descriptive attributes. Indeed, the type and accuracy
of the GCPs used to align or compare the surveying products such as point clouds from
different aerial photogrammetry operations and terrestrial/aerial laser scanning must be
carefully evaluated and reported in the database. In the reconstruction of the channels
and slopes morphometry with aerial photogrammetric surveys combined with terrestrial
laser scanning, it can be extremely convenient to use common GCPs between the methods.
GCPs and reflecting targets could be placed on the same location to reciprocally constrain
the datasets from aerial photogrammetry and terrestrial laser scanning. Their spatial
distribution should be designed to serve the whole surveyed area, very often composed
of slopes and the involved stretch of the channel system. The information reported in the
database must take this use of GCPs into account. The knowledge of absolute velocities of
GNSS sites is also fundamental in the integration of the multi-temporal InSAR methods
into the monitoring activities, because of the relative properties of displacements produced
and the need to refer the dataset to a common and absolute coordinate reference system.

Ultimately, the relational structure of the geographic database proposed in this work
must be able to support this synergistic use of the survey techniques, while preserving
information about the quality of data collected and products obtained.

The development of a geodatabase oriented to the integrating of field data and histori-
cal information about the slope-channel morphodynamic parameters could easily support
successive investigations. Indeed, it includes morphological data and previous approaches
to the investigations, which help in the design of new surveys and inform on the accessi-
bility of a study area or logistical constraints that prevent the use of a certain instrument.
Moreover, the database includes useful data to guarantee the repeatability of surveying
operations (see, for instance, the location of GCPs and the UAV trajectories followed in
previous aerial surveys).

Morphometric data and previous displacements archived in the database could sup-
port this crucial stage in the planning of surveys. For instance, the effective use of multi-
temporal SAR interferometry in this field of applications is strongly dependent from the rate
of displacements [131] and the exposure and morphometry of slopes and river channels,
including the presence of anthropic features; another important factor is the terrain orien-
tation and exposure, with respect to the satellite Line Of Sight (LOS) along the ascending
and/or descending orbits.

The usefulness of the proposed geodatabase structure is increased by the ability to
merge information about the natural domain of the phenomena with data on anthropic
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modifications. Interventions oriented to the mitigation of effects due to slope failures on
river channels, as well as interventions on river banks for flow regulation, could be of
interest in the monitoring tasks. Anyhow, anthropic modifications and the induced effect
on the slope and fluvial dynamics must be considered in the database and the related
information that is included. The management of such a variety of information in a single
database allows for a complete representation of the interaction processes between the
slope and channel dynamics.

5. Conclusions

The analysis of the state-of-the-art surveying methodology and the limitations concern-
ing the investigation of slope and fluvial dynamics highlighted the need to design a suitable
geodatabase structure integrating geomatics surveying, monitoring activities, and reposito-
ries data at different spatial and temporal scales for adequate quantitative assessments.

The implementation of a common approach to the design of a surveying procedure
and successive data management through a shared database structure introduces some
advantages. First of all, the database scheme allows to integrate all the possible raster and
vector data and intermediate or final products from the processing that has been carried
out, starting from data collected by different surveying methodologies. In a monitoring
approach to surveying, this allows for organizing the temporal datasets according to a
repeatable scheme and, therefore, for homogenizing the data coming from different sites
or being acquired by different users. Moreover, it would open the way to a common and
shared approach of cataloguing the detailed data acquired at site-scale, while preserving
the integrity of the data and their use in a temporal perspective for monitoring purposes.
Besides, the future adoption of a shared physical structure would allow the merging
and synergistic use of the data provided by different surveyors, who may have collected
information in an area even for different purposes or with different approaches to surveying,
as well as with varying accuracy and spatial resolution of the collected data and products.
Ultimately, this allows for storing and preserving the data acquired with several monitoring
technologies and the sharing of them in all investigations that might benefit from such
data. The literature review also underlined that the potential of a geodatabase relies on the
integration with existing repositories including the geographical data and documentation
available on the investigated phenomena. Such repositories have been structured according
to the philosophy of geodatabases and are accessed by desktop software using common web
services or visualized using the WebGIS functionalities. The integration of geodatabases
about surveying data with existing repositories would allow for the archiving of all the
geoscientific data available at various spatial scales, from large extents to site-specific data.
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