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Abstract: The significant increase in hiking, wood extraction, and transportation activities exerts
a notable impact on the environmental balance along trails and forest roads in the form of soil
degradation. The aim of this study was to develop a Deformation Classification Model for the surface
of a multi-use trail, as well as to calculate sediment deposition and generate a flood hazard map in
a partially forested region. The eBee X mapping Unmanned Aerial Vehicle (UAV) equipped with
the senseFly S.O.D.A. 3D camera and Real-Time Kinematic (RTK) technology flew over the study
area of 149 ha in Northern Greece at an altitude of 120 m and achieved a high spatial resolution
of 2.6 cm. The specific constellation of fixed-wing equipment makes the use of ground control
points obsolete, compared to previous, in most cases polycopter-based, terrain deformation research.
Employing the same methodology, two distinct classifications were applied, utilizing the Digital
Surface Model (DSM) and Digital Elevation Model (DEM) for analysis. The Geolocation Errors and
Statistics for Bundle Block Adjustment exhibited a high level of accuracy in the model, with the
mean values for each of the three directions (X, Y, Z) being 0.000023 m, −0.000044 m, and 0.000177 m,
respectively. The standard deviation of the error in each direction was 0.022535 m, 0.019567 m,
and 0.020261 m, respectively. In addition, the Root Mean Square (RMS) error was estimated to be
0.022535 m, 0.019567 m, and 0.020262 m, respectively. A total of 20 and 30 altitude categories were
defined at a 4 cm spatial resolution, each assigned specific ranges of values, respectively. The area of
each altitude category was quantified in square meters (m2), while the volume of each category was
measured in cubic meters (m3). The development of a Deformation Classification Model for the deck
of a trail or forest road, coupled with the computation of earthworks and the generation of a flood
hazards map, represents an efficient approach that can provide valuable support to forest managers
during the planning phase or maintenance activities of hiking trails and forest roads.

Keywords: forest management; terrain analysis; environmental impact assessment; erosion model;
earthworks; timber extraction; GPS; 3D Model; photogrammetry

1. Introduction

Forest roads play a vital role in facilitating access to and management and exploitation
of forested areas, aiding in the efficient and cost-effective transportation of timber from
the logging site to areas of concentration and processing [1–7], and also in supporting the
development of mountainous regions. Therefore, the proper construction and maintenance
of forest roads is imperative for ensuring smooth vehicular movement [8]. Trails also serve
as primary gateways to natural environments. The demand for pleasant environments
is increasing due to increased leisure time and greater standards of living, with growing
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urbanization [9–13] giving considerable rise to widely favored activities such as hiking,
jogging and mountain biking that are facilitated by the utilization of trails [9,10,14–18].
Trails are also used for traditional purposes, such as forest operations. The appropriate
design and construction of a trail according to specific technical specifications aims to save
resources and minimize maintenance and management issues [19]. Studies demonstrate
that a trail’s design—its position and alignment with topography and soils—is the most
significant variable in long-term sustainability [20–22]. Sustainable hiking trails are created,
constructed, and managed to meet intended uses and seasons, providing high-quality
visitor experiences while maintaining trail infrastructure and natural resources.

The sensitivity of forest roads and trails can be impacted by a range of natural ele-
ments, including soil slope, soil characteristics, altitude, exposure, precipitation, vegetation
composition, and canopy cover [23–34]. A broad range of studies have tried to explore the
consequences linked to the utilization of collective activities centered around recreational
trails, such as hiking, including comparisons between different activities [23,35,36] and
varying levels of use [37–42]. From a conservation standpoint, the primary environmental
concern lies in soil erosion due to its long-term or irreversible nature without effective
management. The degradation of forest road networks and trails, particularly the erosion of
soil, is a complex phenomenon with multiple components [42]. Skid trails locally increase
soil compaction and forestry activities may cause sedimentation of surface water if best
management practices are not implemented during forest operations [43,44]. The harvest-
ing method, number of machine passes, soil tilt, type, texture, and water content, among
others, affect soil compression and rutting during mechanized logging as forest operations
can have a significant impact on the physical and chemical qualities of soil [45–49]. Road
rills accelerate sediment erosion. Skidding and forwarding are the two most prevalent
methods used for extracting materials from the ground’s surface. Skidding involves the act
of pulling the wood along the ground, whereas forwarding entails transporting the timber
on a loading deck. The sustainability of a certain extraction technology is determined not
only by its cost-effectiveness but also by its capacity to minimize disruption to forest soil
and natural ecosystems [50,51]. Latterini et al. (2024) indicate that skidding results in a
higher amount of soil displacement compared to advancing, whereas elevated soil rutting
follows, increasing forwarding activity. Best management measures can reduce sediment
erosion, but determining which factors most affect forest road rill development is crucial to
implement them efficiently [3]. Despite this requirement, the literature on forest road rill
development is limited.

Accurate spatial information on forest road network elements is important for forest
management [52] and harvesting operations [53]. Maintenance of a forest road network
plays an important part in ensuring its effective management [54] and monitoring road
surfaces is a key element of transportation infrastructure. The need for accurate topographic
estimations can be covered by Terrestrial Laser Scanning (TLS) and the utilization of UAVs
in forested areas [19]. Airborne and terrestrial laser scanning, as well as close-range
photogrammetry, are frequently used techniques for the purpose of achieving highly
detailed land surface mapping [55]. The successful implementation of these techniques
involves the development of a comprehensive mapping strategy in order to achieve optimal
visibility across every area [56].

Unmanned Aerial Vehicles (UAVs) have been proven to be highly effective equip-
ment for acquiring reliable data in forested areas, combining simplicity and less need for
resources in terms of manpower, equipment, time, and cost [57]. This winning combination
justifies the research that has been undertaken with regard to possible implementations
of UAVs equipped with cameras and sensors in forest engineering. Their capability to
generate high-resolution images in an accurate and cost-efficient manner facilitates compre-
hensive inspection and monitoring processes [2,58–60]. Due to their vertical take-off and
landing, lack of sensitivity to different environments, high mobility and stability, and ease of
operation, quadripellers are more durable than their predecessors and produce high-quality
results that allow researchers to manage reliability and accuracy [61–63]. Furthermore,
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the use of UAV-mounted GNSS–real-time kinematic (GNSS–RTK) receivers has increased
because they provide higher accuracy in the measurement of the UAV camera position [64]
and minimize or even eliminate the need for ground control points (GCPs) [65].

UAV photogrammetry, which refers to the combination of a UAV with a Light Detec-
tion and Ranging (LiDAR) sensor, has advanced rapidly over the last decade, enabling
three-dimensional modeling for the protection and management of natural ecosystems,
among others [57]. LiDAR sensors have a high resolution and accuracy when measuring ob-
jects [66] and represent a promising technology for road maintenance in the near future [67].
Zeybek and Bicici [68] have shown that LiDAR sensors can detect deformations on the
road surface. This 3D sensor technology will revolutionize measurement methods, offering
high-density data and visualizations for small-scale projects. Considering the integration of
LiDAR sensors in smartphones, they might be a cost-effective remote-viewing alternative
in the near future [54], facilitating quick and accurate data collection [69] and, most im-
portantly, easy mapping and inspection of forest roads lacking GNSS coverage [54,69–71].
Nakagomi et al. [66] introduced a novel approach for road monitoring by leveraging Light
Detection and Ranging Simultaneous Localization and Mapping (LiDAR-SLAM) and a
convolutional neural network (U-Net) architecture. LiDAR-SLAM demonstrates high accu-
racy in estimating road form in response to environmental variations, whilst the U-NET
architecture proves to be useful in estimating pavement conditions. Tan and Li [4] proposed
a cost-effective, efficient, and automated technique for detecting road surface damage using
UAV photogrammetry images. First, they used UAV images to generate road 3D models
from which they extracted the pavement surface from irrelevant surroundings by using a
region-expanding algorithm. The study indicated the potential of the specific technique in
accurately identifying road distress locations with a centimeter-level height/depth inac-
curacy. Hrůza et al. [72] tried to assess the feasibility and accuracy of various 3D imaging
techniques in detecting damage to the asphalt wearing course of forest roads in an effort
to simplify and speed up the process of damage detection. In their study, four differ-
ent methodologies, close-range photogrammetry, terrestrial laser scanning, mobile laser
scanning, and airborne laser scanning, were compared, with the first two performing best.

The objective of this study is to develop a novel approach that identifies classes of
surface deformation on a multi-use forest trail using a fixed-wing UAV equipped with a
LiDAR sensor and RTK technology, compared to previous research where polycopters have
been used. By utilizing this specific equipment, we aspire that the proposed methodology
is characterized by faster implementation and high-accuracy data collection for large-scale
projects. The collected data can be utilized to improve the terrain’s condition, streamline its
administration, and facilitate the implementation of technical measures and interventions in
specific segments. The presented method can be also implemented to forest road networks.
This novel approach aims to maximize the benefits and minimize costs, while minimizing
the degradation of the surrounding natural environment.

2. Materials and Methods
2.1. Study Area

The study area (Figure 1) is located to the southeast (SE) side of the Kassandra penin-
sula, Halkidiki, approximately 100 km from the metropolitan center of Thessaloniki, and
covers an area of 149 ha (N 40.015460 E 23.48901 to N 40.00150 E 23.51992). This particular
area was chosen as it is the first region in Halkidiki to attain a national-level certification for
its network of paths. Additionally, the study area is managed by the Greek Forestry Service,
adheres to the specifications of the European Ramblers’ Association, and has served as
a research area for a PhD study [19]. More specifically, we investigated a circular path,
comprising segments of both a forest road and a multi-purpose forest trail, for pavement
deformations (hereafter it will be referred to as “trail”). The examined trail spans a total
length of 3200 m, with an elevation ranging from 154 m to 233 m. The trail traverses
established agroforestry systems. The Mavrobara lake is positioned around 2100 m away
from the starting point of the route and it lends its name to the region (Figure 2).
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2.1.1. Vegetation of the Study Area

The Municipality of Kassandra has a total of 172 taxa, including species and subspecies
which are spatially distributed within the forests of the peninsula. The region includes
a variety of therophytes and semi cryptophytes species. This information also serves
to ecologically describe the climate of the research location. From a phyto-sociological
perspective, the region is classified within the broad-leaved (Quercetalia ilicis) zone, more
precisely within the habitat where Pinetum halepensis thrives, interspersed with the presence
of Oleo lentiscetum vegetation [73].

2.1.2. Flood Risk Management Conditions

The absence of major rivers in Halkidiki contributes to the exceptional clarity of
its seas. The hydrographic network of mountains exhibits a branched pattern, with the
possibility of rectangular formations resulting from tectonic forces [73]. According to the
Flood Risk Management Plan of the Central Macedonia Water Park (GR10) River Basin
Reservoirs, the Mavrobara region is situated inside the GR10RAK0003 zone and has a
total area of 211 km2. The historical flood record indicates that the research area does
not exhibit any significant danger of flooding. Within the Mavrobara region, there is an
established network of streams originating from the surrounding forest. These streams are
characterized by their limited water flow during the summer season, with a small number
of them maintaining a consistent water supply. The small length of these watercourses,
along with the presence of forest cover, serves as a barrier to flood phenomena.
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2.2. Equipment

To conduct the research, the following equipment and software were used (Figure 3):
(i) the SenseFly eBeeX, a fixed-wing Unmanned Aerial Vehicle (UAV) (AgEagle Aerial
Systems, Wichita Inc., KS, USA) that can fly continuously for up to 90 min and can cover
an area of 500 ha, with an absolute accuracy of 1.5 cm (Table 1), (ii) the S.O.D.A. 3D
drone photogrammetry camera (AgEagle Aerial Systems Inc., Wichita, KS, USA) that
captures three images (2 oblique, 1 nadir) every flight, resulting in a broader field of
view; it is optimized for fast, reliable image processing using PIX4Dmapper, (iii) the
eMotion flight planning software version 3 (AgEagle Aerial Systems Inc., Wichita, KS, USA),
(iv) PIX4Dmapper version 4.6.4 (Pix4D Inc., Denver, CO, USA), a photogrammetry program
for professional drone mapping, and (v) ArcGIS Desktop 10.8.1 (ESRI Inc., Redlands, CA,
USA), an integrated suite of Geographic Information Systems software that facilitates map
creation, spatial analysis, and data management.
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cal presentation of data collection with the specific equipment (AgEagle Aerial Systems, Wichita,
KA, USA).

Table 1. SenseFly eBeeX specifications and overview of performance metrics and capabilities.

Specification Value

Cruise speed 11–30 m/s (40–110 km/h)
Max. wind resistance Up to 12.8 m/s (46 km/h)

Landing type Automatic linear landing (5 m accuracy in 35◦ angle cone)
Service temperature * 5◦ to 104 ◦F (−15◦ to 40 ◦C)

Humidity Light rain resistance
Ground avoidance Yes–LiDAR (range 120 m)
Ground resolution Down to 1.5 cm

Max. flight time 90 min
Coverage at 400 ft/120 m 220 ha to 500 ha

Linear coverage Up to 27.7 km out and back
* Working above 35 ◦C requires protecting the drone from the sun while on the ground.

2.3. UAV Survey and Image Collection

A comprehensive analysis was undertaken in the Mavrobara region, which covers
the trail of interest. The analysis involved generating an orthomosaic, the Digital Surface
Model (DSM), and the Digital Elevation Model (DEM), along with the development of a
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trail surface deformation index. Additionally, a map demonstrating the risk of flooding
phenomena in the area was generated, accompanied by an index assessing deformations of
the trail surface.

In May 2021, the flight tracks were systematically arranged in a grid pattern at an
elevation of 120 m, utilizing the eBee X. The duration of the flight for the area was ap-
proximately 45 min, with a low wind speed and perfect weather conditions. The aerial
images were configured with a frontal overlap of 85% and a side overlap of 75% in order
to enhance the accuracy of the resulting outputs. The availability of real-time kinematic
(RTK) solutions was decisive in foregoing the placement of Fixed GCP markers, given
the time-consuming nature of GCP deployment. An enhanced Shuttle Radar Topography
Mission (SRTM) DSM is incorporated within the software. The software computes the
Ground Sampling Distance to be 2.6 cm at an altitude of 120 m. However, due to an altitude
variation in the vicinity in which the UAV operated, it ascended further, thereby resulting
in a spatial resolution of 4 cm, as calculated by the model.

Following the completion of the flight, the data were subsequently inserted into the
Pix4DMapper photogrammetry software version 4.6.4., which enables the orientation and
combination of the aerial images (Figure 4). The image processing procedure involved key
steps, such as picture alignment for initial processing, dense point cloud generation for
point cloud and mesh creation, as well as DSM, DEM, and orthomosaic creation. During the
final stage, several road distresses were identified and quantified based on the orthomosaic
and DSM data using the ArcGIS Desktop Software. In conclusion, we generated a set of 3D
point clouds and a georeferenced orthomosaic map with a spatial resolution of 4 cm/px in
the Greek Reference System EGSA87.
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2.4. Generation of Trail Surface Deformation Index

The primary goal of this study was to classify deformations occurring along the
surface of the trail. Our objective was to improve the condition of the trail by facilitating
more accurate management and providing measurement data for the implementation
of technical structures and interventions in specific segments of the trail. In order to
finalize the generation of deformation classes for the road surface, the following elements
were implemented: (i) an orthomosaic map georeferenced to the Greek Reference System
EGSA87 provided a geospatially accurate representation of the study area, (ii) a DEM
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that was employed to capture the bare-earth surface, (iii) a DSM with a spatial resolution
of 4 cm/px that served as a presentation of both terrain and above-ground features, and
(iv) the polyline shapefile of the trail that included its spatial attributes. These data sets were
imported into ESRI’s ArcMap 10.8 software to proceed to further analysis and processing.

The data collected by the Ebee X flight were imported into the Pix4D Mapper pho-
togrammetric software. The specific software was used to generate the DSM and DEM. The
generated products were then imported into the ArcGIS 10.8 software. The next process
in the DSM generation workflow was the process of converting the trail into a digital
format by generating a new polygon shapefile using the Editing tool. The option to create a
buffer zone was not preferred because of the inaccuracies in GPS-traced polygon generation
along the trail, especially in forested settings where GPS accuracy was low. The polygon
representing the trail was extracted using the Clip tool in the Raster Management menu.
The raster, derived from the application of box classification to the DSM clip of the trail,
was subsequently utilized in the Neighborhood tool within Spatial Analyst. Using the
Focal Statistics tool, we defined three box ranges in pixel sizes: 3 cm × 3 cm, 4 cm × 4 cm,
and 5 cm × 5 cm, respectively. The “RANGE” option was used, which is not a physical
unit but rather a continuum of values that determines the level of smoothness observed
on the trail pavement. The next phase involved the reclassification of the box ranges for
each pixel size into 20 distinct classes. Following this, the files Reclass_3×3, Reclass_4×4,
and Reclass_5×5 and the color palette for the 20 classes were chosen from the Symbology
menu. The most effective range for detecting variations based on the topography of the
trail and its surroundings was Reclass_4×4, which has a box range of 4 cm × 4 cm. The
initial group of 10 classes was created, with each class having a width of 1 cm, and this
was succeeded by an additional 9 classes, each with a width of 5 cm per class. The 20th
class had values exceeding 55 cm, which were assigned to various objects such as trees,
buildings, pillars, and steep slopes. These values were only taken into account for certain
maintenance-related tasks.

Following the classification of the elevational groups corresponding to the distortions
seen on the route, further steps involved the calculation of the surface area associated
with each class, as well as the calculation of the amount of material to be excavated and
deposited for the trail. A reclassification of the raster data was conducted, resulting in the
creation of deformation classes. These classes were based on altitude classifications above
sea level. With this method, it is possible to identify regions exhibiting deformations of
up to 55 cm initially. These areas can be rectified through technical interventions and by
removing excess material from the trail surface. Furthermore, by carefully examining abrupt
variations in the terrain and conducting empirical observations in the field, combined with
the utilization of an orthomosaic as a background for analysis, it is feasible to ascertain that
the elevated values within the raster range are attributable to the presence of trees, cables,
and buildings close to the trail.

The area of each class in the attribute table was calculated through conducting cal-
culations, as described in Equation (1). This involved multiplying the number of pixels
corresponding to each class by the size of the pixel, as specified in Equation (2).

Area_cm2 = pixel count × cell size (1)

where cell size = 16 cm2 (cell dimensions: 4 cm × 4 cm)

Area of each class = Number of pixels of each class × area of pixel (2)

To determine the earthworks volume for each category, a mask was created to generate
separate DEMs for each class. The Reclass_4×4 file underwent reclassification, assigning a
value of 1 to the desired volume values and 0 to the excluded values. This process led to
the generation of a DSM for each individual class. Then, the mean heights inside the DEM
were computed using Equation (3). Furthermore, Equation (4) was employed to multiply
the resulting elevation by the corresponding area of each class.
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To calculate the average elevation of the trail, the DSM was imported into ArcMap.
The Focal Statistics tool was utilized, specifically selecting the “MEAN” option, with a pixel
range of 100 × 100 (equivalent to 4 m × 4 m, approximately the width of the trail). Later,
we performed the subtraction operation between the DEM representing the forest trail and
the DSM, as indicated by Equation (3).

DifDEM = DSMtrail − DEMtrail (3)

Average elevation × pixel area × 100 (4)

DifDEM was reclassed into two cut and fill classes:

• Class 1 for positive values (cut: remove volume of material from the surface);
• Class 2 for negative values (fill: add material to the surface).

A similar approach was utilized for the generation of the 30 classes, this time based on
the DEM, aiming for a more accurate visualization of the surface deformations.

2.5. Generation of a Flood-Risk Map

To create the flood hazard model for the surveyed area, the DEM acquired through
surveying with the eBeeX UAV drone, together with the shapefile delineating the borders
of the area, were imported into ArcMap 10.8. The Strahler method was employed for the
assignment of stream order branches within the hydrographic network [74]. Data pro-
cessing was conducted utilizing the Hydrology tool within the Spatial Analyst Tools. The
processing steps included: filling soil depressions, determining flow direction, estimating
watershed flow accumulation, delineating the hydrographic network, segmenting branches,
and assigning stream order numbers. Additionally, the identification and mapping of poten-
tial flood-prone areas was also included in the data processing workflow. This classification
process is informed by various data inputs, including historical precipitation data, soil
composition data, slope data of the area, and data on land uses and forms of cover.

3. Results
3.1. Camera Sensor Accuracy

The ability of a camera sensor to capture a greater amount of light information within
a given time period is proportional to its size. Furthermore, noise is the phenomenon
of randomized fluctuations in the brightness or color information in pictures, typically
arising from electrical noise. A critical aspect of internal camera parameters is maintaining
a principal point size approximately half that of the camera, while ensuring that the radial
distortion values (R1, R2, and R3) and the tangential distortion values (T1 and T2) remain
below 1. The camera utilized exhibited excellent performance in all accuracy assessments,
as summarized in Table 2.

Table 2. Internal camera accuracy assessment.

Focal Length Principal Point
x

Principal Point
y R1 R2 R3 T1 T2

Initial Values 4430.420 pixel
10.633 mm

2725.000 pixel
6.540 mm

1811.670 pixel
4.348 mm 0.033 −0.209 0.315 0.000 0.000

Optimized
Values

4393.184 pixel
10.544 mm

2720.287 pixel
6.529 mm

1805.932 pixel
4.334 mm 0.028 −0.196 0.297 0.000 0.001

Uncertainties
(Sigma)

0.218 pixel
0.001 mm

0.118 pixel
0.000 mm

0.108 pixel
0.000 mm 0.000 0.001 0.001 0.000 0.000

Camera model: S.O.D.A._10.6_5472x3648 (RGB). Sensor Dimensions: 13.133 [mm] × 8.755 [mm].

Furthermore, it is essential to constrain the uncertainty associated with the focal length
and principal point to a minimal number of pixels, while ensuring that uncertainties related
to distortion parameters approach zero. In both uncertainty assessments, the S.O.D.A. 3D
camera demonstrated exceptional performance.
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3.2. UAV Data Accuracy Statistics

A UAV flight was conducted over the study area. The elevation of the study area
ranged from 123 m to 285 m. Radiometric Correction Types involved adjustments pertaining
to camera, sun irradiance, and sun angle.

The examination of the aerial images was carried out using Pix4D Mapper, resulting
in the successful calibration of 460 out of a total of 461 pictures. The Bundle Block Adjust-
ment process generated a count of 2,279,916 3D points and 5,363,247 2D points, while the
generated point cloud consisted of 70,597,537 points.

Geolocation error is the difference between the original and calculated image positions
in the photogrammetry software. Table 3 assesses the quality of the image geolocation
by presenting information on the percentage of geolocated and calibrated images that
exhibited inaccuracies in the X, Y, and Z coordinates, within predefined error ranges. There
were ten predefined intervals within the range of −1.5 to 1.5 times the maximum accuracy
(Amax) of all images. If a significant proportion of the photos exhibited errors that fell
below −1.5 × Amax or exceeded 1.5 × Amax, it was possible that the accuracy values were
not properly adjusted. Minimum Error and Maximum Error represent Geolocation Error
intervals between −1.5 and 1.5 times the maximum accuracy of all images. The mean,
representing the average error in each of the three directions (X, Y, Z) was 0.000023 m,
−0.000044 m, and 0.000177 m, respectively. Sigma, indicating the standard deviation of
the error in each direction, was 0.022535 m, 0.019567 m, and 0.020261 m, respectively.
Furthermore, the Root Mean Square (RMS) error was found to be 0.022535 m, 0.019567 m,
and 0.020262 m, respectively.

Table 3. Geolocation errors and statistics for Bundle Block Adjustment.

Min Error (m) Max Error (m)
Geolocation Error (%)

X Y Z

– 0.06 −0.87 0.43 0.22
−0.06 −0.05 1.09 0.87 0.43
−0.05 −0.04 3.91 1.52 1.74
−0.04 −0.03 4.57 5.00 9.35
−0.03 −0.01 15.00 15.22 15.43
−0.01 0.00 25.22 26.52 22.61
0.00 0.01 23.04 29.13 21.30
0.01 0.03 14.57 14.35 18.70
0.03 0.04 7.83 4.13 7.83
0.04 0.05 2.39 1.52 2.17
0.05 0.06 0.43 1.09 0.22
0.06 −1.09 0.22 0.00

Mean (m) 0.000023 −0.000044 0.000177
Sigma (m) 0.022535 0.019567 0.020261

RMS Error (m) 0.022535 0.019567 0.020262

Figure 5a depicts the computed image positions with links connecting matched images.
The intensity of the links serves as an indicator of the quantity of matched 2D points
between the images. Bright links indicate weaker connections that require additional
manual connection points or the inclusion of more images. The dark green ellipses indicate
the uncertainty of the relative camera position based on the beam block fitting result.
Figure 5b illustrates the number of overlapping images calculated for each pixel in the
orthomosaic. Regions highlighted in red and yellow indicate low overlap, resulting in poor
data production, while green areas indicate an overlap of more than 5 images for each pixel.
High-quality results can be generated as long as a sufficient number of keypoint matches
are available.
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3.3. DEM Generation

Following the processing and analysis of the data, in the Pix4DMapper software, the
orthomosaic and the corresponding sparse DSM before any densification process were
developed and are depicted in Figure 6.
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Figure 6. (a) Orthomosaic and (b) the corresponding sparse Digital Surface Model (DSM) before
densification (Source: Siafali Evangelia 2023).

Key aspects of the study area are presented in Figure 7. These include the DEM, the
DSM, the slope map, and the aspect map.
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Figure 7. Key aspects of the study area: (a) Digital Elevation Model, (b) Digital Surface Model,
(c) slope map, and (d) aspect map (Source: Siafali Evangelia 2023).

Figure 8 illustrates the Normalized Vegetation Index (NDVI), the aspect map of the
trail, the DEM, and a slope map. These visual representations are crucial for conducting a
comprehensive planning process for the installation of technical infrastructure, as well as in
the management and categorization of the trail. The objective is to align with the selection
criteria established by the European Ramblers’ Association [75], ensuring certification
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at both the European and national levels; this is important as it outlines the technical
specifications for the marking, marking, opening, and maintenance of hiking paths.
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3.4. Trail Deformation Index

The volumetric measurements of excavation and embankment materials for the entire
length of the trail, together with the classification of corresponding deformations, were
based on the 3 cm × 3 cm box range, which provides the highest amount of detail. The
observed differences in surface deformation between the 3 cm × 3 cm box range and the
5 cm × 5 cm box range (Figure 9a–c) do not demonstrate any significant variations con-
cerning the geometry of the trail, when compared with the on-site investigation (Figure 9d).
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investigation (control).

The results of the earthworks calculations are displayed in Table 4. Values designated
as 1 signify fill volume and values labeled as 2 indicate cut volume, whereas values over
55 cm are excluded and assigned the number 0. The pixel count was higher in fill volume
than in cut volume. No considerable differences (52.98 m3—4.26%) between the cut and fill
volumes were evidenced.

Table 4. Cut and fill pixel count and area and volume calculations.

Value Category Pixel Count Area (m2) Volume (m3)

0 Excluded 20,842 833.68 208.42
1 Fill volume 129,666 5186.64 1296.66
2 Cut volume 124,368 4974.72 1243.68
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We revisited our approach, utilizing the DEM for the precise detection of deformations
exclusively on the forest trail surface, but this time with a higher classification precision of
0.001 cm, which resulted in the creation of 30 deformation classes. Figure 10 illustrates the
deformations resulting from vehicular movement and tire-induced pressure (Figure 10a–c),
as well as the visualization of water flow resulting from rainfall (Figure 10d–f).
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3.5. Flood-Risk Map Generation

The collected data facilitated the generation of a comprehensive flood-risk map
(Figure 11). It can serve as a valuable visualization tool when considering the imple-
mentation of infrastructure projects within various sections of the forest road networks,
providing a nuanced understanding of the specific flood risks associated with these areas.

Based on the data analysis, it can be observed that the area mostly receives water
from streams classified as fourth, third, and second, with a limited presence of first class
streams. The deformations seen on the surface of the trail can be attributed to the shape of
the hydrographic network and its distribution throughout the study area. In relation to
the flood zone, a significant portion of the research area is classified under the categories
of very low, low, and moderate. In summary, the region has a low index of susceptibility
to flooding.
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4. Discussion

In this study, we developed a novel approach for identifying and visualizing different
types of surface deformation on a multi-use trail. This approach aims to enhance the quality
of the trail, optimize its management, and obtain accurate data for performing technical
operations and interventions on specific sections of the trail. A total of 20 and 30 altitude
categories were established, each assigned specific ranges of values. The total area of each
altitude group was calculated in square meters (m2), and the volume of each category was
measured in cubic meters (m3). Furthermore, a Deformation Classification Model was
developed for the examined trail, along with the calculation of earthworks and the creation
of a flood-risk map. The aforementioned information will provide significant assistance to
forest managers when constructing or maintaining trails and forest roads.

Our research bears some relevance with a previous study by Kim et al. [76], who used
UAV photogrammetry technology to detect soil surface deformation in a timber harvest
area. They reported that in order to have precise measurements with a polycopter UAV
model, GCPs had to be established and a resolution < 3 cm was necessitated. However, in
our case, precise measurements were possible in a much easier way, by utilizing a fixed-
wing UAV equipped with the RTK function, which eliminates the need for setting GCPs or
validation points.

Prior to the flight, our camera and UAV underwent automated calibration to ensure
precise image capture with high precision. Unlike prior research [77–81], our objective did
not include comparing raster files between pre-harvest and post-harvest. We conducted a
study to examine the real-time deformations on the surface of the hybrid trail during the
design phase or maintenance operations. To accomplish that, we compared the DSM and
DEM reconstructed in Pix4DMapper, both obtained from the same flight.

In contrast to previous studies [76–79,82,83], which focused on relatively small areas,
we conducted a comprehensive investigation of our model in a large-scale survey cover-
ing 149 hectares. The flight was conducted at 120 m height, as implemented in similar
studies [76,80,82].

The DSM and the DEM that were generated were imported into ArcGIS Desktop to
create the classification model. Further analysis in Pix4DMapper revealed that the mean,
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which represents the average inaccuracy in each of the three directions (X, Y, Z), was
0.000023 m, −0.000044 m, and 0.000177 m, respectively. The standard deviation of the error
in each direction was 0.022535 m, 0.019567 m, and 0.020261 m. In addition, the RMS error
was determined to be 0.022535 m, 0.019567 m, and 0.020262 m, respectively. The error values
indicate a high level of accuracy, probably due to the precision of the Global Navigation
Satellite System (GNSS) receiver used by the UAV and the camera’s specifications. Our
results are more accurate compared to the findings of Pierzchała et al. [80], who reported
a spatial accuracy of the model with a total RMS error of 0.082 m and RMSEs of 0.056 m,
0.022 m, and 0.054 m for the X, Y, and Z dimensions, respectively.

In their study, Pierzchała et al. [80] observed that improved outcomes may be achieved
by calibrating the camera and reducing the flying height to less than 155 m. The in-
vestigation conducted by Talbot et al. [84] demonstrated that flying at an altitude of
40–50 m above ground level resulted in a 2 cm spatial resolution orthomosaic. In con-
trast, Nevalainen et al. [82] managed to attain image resolutions of 2 and 3 cm by flying at
altitudes of 100 and 150 m, respectively. Their study highlighted challenges faced by both
human and UAV measurements in identifying the control surface level. In our case, we
achieved comparable orthomosaic accuracy at a flight height of 120 m without encountering
similar issues. This discrepancy could be attributed to the sparse vegetation along the
surveyed trail and the utilization of more precise equipment in the current study.

Previous research has employed many techniques to detect rutting and deformations
on the surfaces of skid trails and forest roads (e.g., [85–88]). In our work, we employed a
novel approach that involved two distinct classifications based on the DSM and the DEM,
both implemented using the same technique. Furthermore, we conducted an analysis on
three raster cells measuring 3 cm × 3 cm, 4 cm × 4 cm, and 5 cm × 5 cm. The objective was
to determine the optimal raster cell size based on the hybrid trail’s surface topography. Such
decision was supported by on-site investigations, considering the desired level of precision.

Determining the practicality of incorporating road surface deformations above specific
thresholds, such as 5 cm, 6 cm, or 7 cm, is largely dependent on the outcomes of on-site
investigations. These empirical assessments are crucial for validating the accuracy and
relevance of the chosen pixel value thresholds in relation to the spatial resolution of the
DEM employed in similar studies.

The Normalized Difference Vegetation Index (NDVI) can serve as a valuable tool for
assessing the efficacy of management interventions and detecting variations in vegetation
density along a given part of the forest road network. These data may be utilized to
identify regions that may require maintenance or enhancement. Furthermore, this remote
sensing technique also evaluates the impact of trail usage on nearby vegetation, detecting
changes before and after road construction. The NDVI aids in designing trails to mitigate
adverse effects on vegetation, showing lower values in areas with extensive trail usage,
indicating reduced vegetation density, especially during drought seasons. Moreover, the
generation of flood-risk maps is strongly suggested as a visualization tool of potential
hazards. Stakeholders can use such maps to make informed decisions and implement
measures that enhance the resilience of the infrastructure to potential flood events.

There were a total of 20 deformation categories based on the DSM and 30 deformation
categories based on the DEM. Each category was allocated a certain range of values. The
DSM classification was employed to detect significant distortions caused by the presence
of trees, buildings, and steep slopes. The area of each altitude category was measured
in square meters (m2), while the volume of each category was quantified in cubic meters
(m3) to determine the volumes of excavation and filling. The DEM-based classification
was utilized to accurately visualize the surface erosion of the hybrid trail and detect the
flow of rainwater on it. This information, combined with the flood-risk map, allows for the
prediction of erosion and facilitates the planning of maintenance activities and technical
interventions in particular segments of the trail.

According to Latterini et al. [50], the effects of ground-based forest operations on
forest soil must be studied beyond the physical impacts of machinery on the soil, which
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are frequently measured by eye inspection. Wood extraction systems, one of the more
pronounced factors causing forest terrain deformation, should be studied to understand
their impact on vegetation biodiversity, taking into consideration the regeneration of trees,
shrubs, and plants. Our approach could assist similar research by offering fast and accurate
information at a large scale on terrain deformation classes and identifying areas of special
interest requiring further examination. One limitation of the present study is its focus in
a specific area that is partially forested, which underlines the need for additional testing
in various environmental scenarios. Our long-term aim is to integrate our approach as
a valuable component in collaborative projects, fostering joint efforts to address broader
environmental challenges.

5. Conclusions

This study introduces an innovative method for identifying deformations in the
unpaved surfaces of trails and forest roads through the utilization of Unmanned Aerial
Vehicles (UAVs) and high-precision spatial analysis. The information from the three-
dimensional models derived from UAV data and LiDAR technology can assist forest
managers in making more targeted decisions on road repair and maintenance, without
expensive procedures and smart forest road structure monitoring in the future. Considering
that terrestrial devices like GNSSs and terrestrial laser scanners are impractical in forested
areas, the examined combination of a fixed-wing UAV with the RTK technology seems to
provide an efficient alternative to achieve precise deformation monitoring of trails with
centimeter-level precision. This approach concurrently diminishes labor-intensive efforts
and could be widely implemented in situations when the objective is to effectively open
up, monitor, maintain, and expand often complex forest road networks. The proposed
methodology can also contribute to forest research by enabling large-scale and accurate
data collection, thereby overcoming limitations associated with research costs.

The methodology presented in this study is characterized by its adaptability, ease of
implementation, and cost-effectiveness, especially in the case of larger areas. In general,
the selection of the most suitable technology for similar purposes is dependent on the
particular aim and objectives of the data-gathering process since these technologies offer
distinct spatial analytic capabilities, financial considerations, and operational needs. Future
research endeavors should concentrate on further enhancing both precision and efficiency,
particularly from an economic perspective, possibly by incorporating AI technologies.
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