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Abstract

In this study, a method of automatically detecting carriageway edges and damaged areas on
the surface of forest road wearing courses was tested based on high-density LiDAR data ac-
quired using a handheld mobile laser scanning device. The results were compared with those
of current tacheometric methods. Whereas most previous studies have focused on detecting
road segments or objects and road centrelines using object-oriented classifications or support
vector machine (SVM) algorithms, our research was directed to detect forest carriageway
edges and road surface deterioration. Forest roads are designed with a 20-year lifespan before
structural failures affect up to 25% of the surface area. We developed an automatic method for
detecting damaged areas in the wearing course using GIS tools in ArcGIS Pro. According to
the carriageway edges, an overestimation was found between the areas detected automatically
and those surveyed tacheometrically, with the automatically detected area being 28% larger.
However, it was also found that most of the damage detected was within the tacheometrically
surveyed carriageway edges (89%). Agreement between the damage boundary overlaps was
relatively low; at 57%, the total damage area detected automatically was 19% larger than that
surveyed tacheometrically. The results show that the new automatic process can provide more
precise, objective data, as tacheometrical methods can be influenced by the individual approach
of a surveyor. Simple and quick detection of damaged areas allows assessing the condition of
forest road surfaces and determining repair priorities.

Keywords: forest road, mobile LiDAR, GIS, carriageway, wearing course, surface damage,
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1. Introduction

Forest ecosystems constitute 31% of the Earth's sur-
face (FAO 2011), and those managed are accessed via
a forest road network, primarily for forest manage-
ment. Due to the challenging terrain of forests, its often
low bearing capacity, and low traffic intensity, forest
roads present specific construction issues, which make
construction and repairs expensive relative to the lev-
el of road usage, especially those constructed with a
sealed wearing course. In the world generally, Sakai
(2017), Faria et al. (2021), and Nininahazwe et al. (2024)
demonstrate that the process of planning and design-
ing forest roads is far from perfect. In the Czech Re-
public, there is no legal difference between forest and
other roads; the traffic rules are the same as well as the
vehicles allowed, according to the Roads Act No.

13/1997 Coll. Therefore, the main forest roads are con-
structed with similar technologies, and the costs are
often comparable with other roads. For forestry, mon-
itoring the state of roads is essential for smoothly ac-
cessing harvesting locations, timber transport, and
overall forest management. The most common type of
wearing course damage is rutting, which leads to ero-
sion and surface damage as water accumulates; when
it freezes, it may cause a gradual disintegration of the
road (Ciobanu et al. 2012, Akgul et al. 2017), creating
potholes or tearing off the abrasive layer. Maintenance
is vital, and monitoring the condition of the road sur-
face allows for early detection and saves money on
repairs (Dickie and Speirs 2021, Fjeld et al. 2021). In
recent years, there has been a substantial increase in
the development of sensor technologies that may pro-
vide spatially accurate information on the current state
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of forest roads, which is fundamental for important
forest management and recreation activities.

Tacheometric surveying using a total station and
Global Navigation Satellite System (GNSS) is the most
commonly employed method to assess road damage.
The operator’s subjectivity may influence this method.
As Murray (1998) notes, together with the design of
forest roads in the field and the creation of project doc-
umentation, all these processes are highly time-con-
suming. Much work has been done (Akgul et al. 2017,
Hruza et al. 2018, Leonardi et al. 2018) to find faster
methods of assessing forest road damage. With the
rapid development of digital technologies, there is cur-
rently an effort to automate and objectify the entire re-
pair design process to enable more efficient financial
decision-making on forest road maintenance. Laser
scanning emerges as a promising technology and
avoids the need for numerous ground control points
(GCPs). While image processing methods yield good
results, laser scanning offers greater accuracy and effi-
ciency (Yurtseven et al. 2019, Bhatt et al. 2022).

Several studies have demonstrated the potential of
airborne laser scanning (ALS) (Cloude et al. 2007, Hui
et al. 2016, Even et al. 2021). The disadvantage of ALS
is the very low point density (typically about 10-20
points/m®), characteristic of plane-based laser scanning
conducted from higher altitudes to cover large areas,
such as state-wide surveys. In such cases, the increased
flight altitude is necessary for broader coverage but re-
duces point density. Conversely, unmanned aerial ve-
hicle (UAV)-based laser scanning at lower altitudes can
achieve significantly higher point densities (about hun-
dreds per m?). Higher point densities are always depen-
dent on the flight altitude, and conversely, the size of
the scanned area decreases with flight altitude. There-
fore, when scanning with UAVs, the point density will
always be significantly higher than plane-based ALS.
ALS may encounter additional limitations in forest
roads as some laser pulses can be intercepted by the tree
canopy, further reducing the density of ground points
on roads obscured by dense vegetation (Prendes et al.
2019). Terrestrial laser scanning (TLS) is also commonly
used for detailed road carriageway mapping. This pro-
vides a very high density of points; however, it is time-
consuming and unsuitable for long forest roads. (Guo
et al. 2015, Hrtiza et al. 2016, Bhatt et al. 2022).

The possibility of using laser scanning of the surface
to determine its shape and create 3D models of roads,
including their technical equipment, is being increas-
ingly explored and is becoming more common in road
information inventory, as Guan et al. (2016) demon-
strated in their review. LIDAR technology seems better
suited to urban environments than forests due to the
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greater distance of disturbing objects from the scanned
surface. However, certain limitations for the automated
process still apply here. In their research, Landa and
Prochazka (2014), Yang et al. (2013), and Giilci and Sireli
(2019) point out that LiDAR technology could be help-
ful for tasks such as detecting road signs, marking
roads, and assessing surface deformation in both urban
and forest environments. However, they emphasize
that these processes still rely on some human involve-
ment for accuracy, as full automation remains challeng-
ing. Compared to forest environments, in urban areas,
it is easier to detect road edges, which are essential for
determining the width of a road. Similarly, Guan et al.
(2016) note that curbs, the boundaries of roads in cities,
are a critical feature for road extraction. Several authors
have verified the method of identifying road edges to
determine their width and location relative to sur-
roundings in urban environments, such as Yang et al.
(2013). Guo et al. (2015) combined road width elevation-
point cloud data to filter out non-road surface points
and noted that, although mobile LiDAR technology had
been available for a decade, its practical application was
limited due to the labor needed and the complexity of
data processing. Vallet and Papelard (2015) demon-
strated that mobile laser scanning (MLS) provides
greater accuracy and point density for digital terrain
models (DTMs) than aerial methods. They suggest MLS
can be applied to tasks like image-based localization,
road quality assessment, and water flow simulations.
Although their findings are not specific to any environ-
ment, they note that MLS advances could impact the
use of technology on forest roads.

Several authors have explored methods to improve
forest road maintenance and repair. Abdi et al. (2012)
initiated concepts for better planning, while Starke et al.
(2021) and Toscani et al. (2020) highlighted the growing
importance of monitoring forest road conditions, which
impacts maintenance needs (Akay et al. 2020, Dodson
2021). MLS is used to assess specific forest road condi-
tions. Still, a broader forest road network design typi-
cally relies on GIS (Geographic Information System)
tools (Aricak et al. 2015, Yoshida et al. 2019, Acosta et al.
2023, Watanabe et al. 2023). Potocnik et al. (2005) dem-
onstrated the role of forest road network maintenance,
which Pellegrini et al. (2013) and Yang et al. (2014) de-
veloped into Decision Support Systems using GIS and
Analytic Hierarchy Process (AHP) techniques.

Najafi et al. (2008) pointed out that constructing
forest roads and harvesting timber are the most expen-
sive forestry activities, leading engineers to seek cost
reductions. Hruza et al. (2016) proposed unmanned
aerial systems (UAS) as a more efficient alternative to
traditional field surveys despite challenges such as
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legislative restrictions and collision risks. UAS tech-
nology is more suitable for post-harvesting terrain
modeling and small-scale road repair (Pierzchala et al.
2014, Pszenny 2020, Turk et al. 2022, Hasegawa et al.
2023). Tomljanovic et al. (2022) provided an overview
of UAS applications in forestry, while Talbot et al.
(2017) and Tomastik et al. (2017) stated that many re-
mote sensing applications remain experimental, with
issues that need resolution before they can be widely
used. Automation should help to determine the actual
condition of the road, i.e., to detect and summarize
any damage to the wearing course, which is most
stressed by vehicle traffic. This aims to provide out-
puts that can be used for more efficient decision-mak-
ing regarding allocating financial resources to keep the
forest road network operational (Hruza et al. 2016).

All of this leads to consideration of new handheld
LiDAR technology, generically referred to as MLS,
and more specifically to a handheld personal laser
scanning (PLShh) (Dandois and Ellis 2010, Kukko et
al. 2017, Balenovic et al. 2021, Gollob et al. 2021, Mok-
ros et al. 2021, Ozmen et al. 2022). Kukko et al. (2012)
demonstrate that MLS is an evolving technology with
significant applications in urban engineering, trans-
portation, and natural sciences, including forestry.
Despite its potential, MLS, as noted by Guan et al.
(2016) and Hruza et al. (2018), cannot fully replace con-
ventional methods and falls short of the accuracy of-
fered by TLS devices. However, it provides continu-
ous scanning capabilities and, notably, operates
independently of a GNSS signal, which is especially
valuable for road and forest management, as high-
lighted by Lei et al. (2021) and Mikita et al. (2022).
Regarding the accuracy and the most suitable use of
mobile LiDAR technology to collect information about
the inventory of objects on roads, the best results are
achieved in the automatic detection of pole-like ob-
jects, as stated by Yan et al. (2017). Forkuo and Borz
(2023) emphasize the potential of low-cost mobile Li-
DAR for efficient data collection in forestry. However,
more research is needed to improve accuracy, as Nita
and Borz (2023) suggested. The use of smartphones in
transportation has a future (Wang et al. 2020), but in
the case of forest roads, smartphones with LIDAR sen-
sors can be used for local scanning (Luetzenburg et al.
2021), with measurement errors increasing with the
length of the longitudinal profile (Mikita et al. 2022).

To address the problem with complex road sec-
tions, methods based on deep learning technology are
now widely researched and implemented in automat-
ic road extraction (Saito et al. 2013, Liu et al. 2019, Even
and Ngo 2021, Mohammad et al. 2022, Starke and Gei-
ger 2022). Most recent studies using Convolutional
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Neural Networks (CNNs) or Autoencoders and Sparse
Coding (Maeda et al. 2018, Heidari et al. 2022) deploy
object-based systems to detect the deterioration of for-
est roads automatically.

This study aimed to verify the accuracy of handheld
mobile laser scanning to assess the area of damage on
the surface of the forest road wearing course compared
to tacheometric measurements of surface damage, in-
cluding ruts, potholes, and detached surface layers,
along with the detection of forest road carriageway
edges. Additionally, the study aimed to determine
whether handheld mobile laser scanning can replace
the current tacheometric method of detecting surface
damage area with an accuracy suitable for determining
forest road longevity and renewal (design lifespan of 20
years and 25% of surface structural failures).

All this should help a forest owner determine the
urgency and priority of forest road repair and provide
the basis for financial planning regarding the state of
the forest road network.

2. Materials and Methods

Forest roads with a sealed wearing course were
chosen for the study, as most forest roads in the Czech
Republic used for year-round timber transport were,
until recently, constructed using a sealed technology
called penetration macadam. Many of these roads
have now exceeded their lifespan and require recon-
struction. All forest roads had a roof-shaped carriage-
way with a 3% cross slope on both sides and a width
of 3 meters. The typical damage to the penetration
macadam is shown in Fig. 7.

Laser scanning data were collected on four selected
sections of forest roads in Moravia, the Czech Repub-
lic (Fig. 1). The chosen sections were one from each of
the two roads in the vicinity of Sternberk, marked ST1

Zdarské vrchy
@

Sternberk
(€]

100 50 0 100 200 400 km
O N E—

Fig. 1 Localities of test road sections within the Czech Republic
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and ST2, and two sections from one road near Zd'arské
vrchy, marked ZV1 and ZV2. The sections were se-
lected for the road surface wearing course damage and
their need for repair.

Section ST1 was 190 m long, predominantly flat,
with a slight descent followed by a slight ascent with
an average longitudinal gradient of 2.0%. Section ST2
was 170 m long; the whole section increased steadily
with an average longitudinal gradient of 6.8%. Section
ZV1 was 180 m long, predominantly flat, with a slight
longitudinal gradient of 3.6%. Section ZV2 was 380 m
long, predominantly flat, with a slight descent and
subsequent ascent with an average longitudinal gradi-
ent of 1.9%.

All sections were surveyed using the Trimble S5
total station in the local coordinate system to evaluate
the precision of detecting forest road carriageway
edges and damaged areas. Emphasis was placed on
capturing road edges and accurately recording sur-
face damage positions during surveying. The tacheo-
metric survey was based on 34 stabilized reference
points from wooden stakes on each section of the
road. The selected road sections were scanned with
the GeoSLAM ZEB Horizon laser scanner (Faro Ltd.)
using the same local coordinate system. The scanning
was carried out by walking along the sections of the
forest road. The measurement always started and
ended at the same point. The section was measured
back and forth along the forest road (Fig. 2). Stabi-

Legend:
N\~ The trajectory

Fig. 2 Example of a scanned point cloud after classification and
trajectory filtering (branches show the locations where the refer-
ence points were placed)
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lized reference points were captured during scanning
to be visible in the point cloud for subsequent geore-
ferencing. The RGB camera was not used to color the
points during the data collection. The resulting point
clouds contained only information about the inten-
sity of the reflection. The data from the scanner were
processed into a point cloud in the GeoSLAM Con-
nect software, where the point clouds were geo-ref-
erenced based on tacheometrically measured refer-
ence points. Subsequently, ground points were
classified from the created point clouds using Cloud
Compare software with the Cloth Simulation Filter
(CSF) filter tool, and then outliers and noise were re-
moved using the Statistical Outlier Removal (SOR)
filter. A CSF setting with a Cloth resolution of 0.1,
Max iterations of 1000, and a Classification threshold
of 0.1 was used for accurate ground point classifica-
tion. The SOR filtering used 6 points for mean dis-
tance estimation and a standard deviation multiplier
threshold value of 1.0.

2.1 Data Processing

2.1.1 Geomorphon Landforms Tool

The surface of the forest road wearing course was
made of penetration macadam and had a different
structure from the verges and surrounding vegetation.
However, the edges were not visible when using a
point cloud with only intensity information and with-
out an RGB camera. The road surface is predominant-
ly flat, and its shape is distinct from the roadsides and
surroundings. Automatic detection of the road surface
from the point cloud based on the intensity of the re-
flection was not possible. The road surface detection
is, therefore, based on the classification of the relief
shapes. The methodology for detecting the road sur-
face used an algorithm for classifying landforms in the
ArcGIS Pro version 3.3.1, called Geomorphon Land-
forms. This tool works with a digital elevation model
(or surface model) and uses geomorphological prin-
ciples to identify and classify landforms based on their
shape and structure.

To characterize the terrain, the Geomorphon land-
forms tool uses the line-of-sight principle, which
starts by extracting elevation profiles for each central
cell in the digital elevation model (DEM) along the
eight main compass directions (N, NE, E, SE, S, SW,
W, NW) up to a specified lookup distance L. For each
point on these profiles, we calculated the elevation
angle DBL, which is the angle between the horizontal
plane and the line connecting the central cell to the
profile point. The elevation angle was negative if the
point was lower than the central cell. Next, the zenith
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and nadir angles were determined. For each direction
D, the maximum elevation angle DL was found from
the set of elevation angles DSL and the zenith angle
D¢L=90°-DPL was calculated. Similarly, the mini-
mum elevation angle DOL was found from DSL and
the nadir angle DyL=90°-DéL was calculated. Finally,
the tool was used to repeat these calculations for all
eight directions to obtain a comprehensive character-
ization of the terrain relief and openness around each
central cell in the DEM.

The tool allows for the manual definition of sev-
eral parameters that influence the resulting classifica-
tion of landforms. Specifically, these parameters are:

= flat terrain angle threshold: This parameter de-
termines the maximum slope angle considered
flat terrain. It helps to distinguish between flat
and sloped areas of the terrain

= search distance: This is the maximum distance
the tool searches for elevation profiles from the
central cell. It affects the extent of the terrain
analyzed for calculating the zenith and nadir
angles

= skip distance: This parameter specifies the inter-
vals at which elevation profiles are processed.
For example, the tool analyzes every nth point
on the profile if the skip distance is set to a cer-
tain number of meters or cells. This can speed
up the calculation but may reduce accuracy
(Jasiewicz and Stepinski 2013).

The Geomorphon landforms tools result in two
rasters, the classified landforms and the geomorphons
raster layer, which represents the unique identifier of
the geomorphic pattern. The landforms raster classi-
fies the relief based on preset parameters, and the geo-
morphons raster contains relative values that can be
further classified according to the user's requirements.

2.1.2 Processing Workflow

The detection procedure is based on the simulta-
neous detection of the forest road carriageway edges
and the areas of surface damage. In the first step, we
interpolated a digital raster model of the road surface
and its surroundings from the point cloud. For this
study, a DTM resolution of 0.05 m was chosen to al-
low faster calculation, but it would also have been
possible to select a higher resolution. The next step
was to calculate relief shapes using the Geomorphon
Landforms tool.

The Geomorphon Landforms tool was first applied
to identify the road body and then to detect damage
to the road surface. For road and damage detection, it
was necessary to test the appropriate tool settings. We
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adjusted the parameters of the Geomorphon Land-
forms tool (Table 1) based on the specific requirements
of the analysis and the terrain characteristics, allowing
the land-form classification to be tailored to the par-
ticular conditions and goals of the study.

Table 1 Parameters of Geomorphon Landforms tool for detecting
forest road carriageway edges and surface wearing course damage

Carriageway | Surface wearing
edges course damage
Flat terrain angle threshold, deg 15 1
Search distance, m 0.40 1.00
Skip distance, m 0.30 0.95

The resulting geomorphon rasters were reclassified
in the next step based on threshold values. A value of
3800 was chosen for the road surface, where pixels
with a higher value represent the road surface with a
flat shape. Conversely, the lower values represent the
surrounding relief (or vegetation).

A threshold value of 1500 was chosen for surface
damage, where values greater than 1500 represent sur-
face damage and smaller values represent the sur-
roundings. These values were obtained based on
zonal statistics. Threshold values were obtained by
analyzing the prevailing Geomorphon raster values
within the tacheometrically surveyed road damage.

The reclassified raster of forest road carriageway
edges was then smoothed with the Boundary Clean
tool, and the individual pixels were grouped using the
Region Group tool. In the case of forest road detection
(both carriageway edges and surface damage), only
pixels belonging to the road surface were selected, and
at the same time, groups of pixels with an area of less
than 25 m?* were eliminated; the result was converted
into vector form, and the resulting path shape was
smoothed by the Smooth Polygon tool. In the case of
surface damage, only the relevant pixels were selected
and vectorized, and the carriageway edges of the for-
est road were trimmed from the resulting layer.

For faster calculations in ArcGIS Pro, a processing
model (Fig. 3) was created in the Model Builder envi-
ronment, and the procedure was repeated for all se-
lected forest road sections. The processing process
from point cloud to detected damage depends on the
user's experience, the length of the section (data vol-
ume), and computing power, but it should not take
more than 2 hours for a single section if the procedure
developed is used.
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Fig. 3 Workflow diagram for the detection of forest road carriageway edges and surface wearing course damage
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3. Results

The automatic method, tested to detect forest road
carriageway edges and surface wearing course dam-
age, achieved different accuracy from tacheometric
measurement on forest road sections. Automatic de-
tection regularly gave a wider reading for carriageway
edges than tacheometric measurement on both sides,
leading to overestimating the road carriageway area;
tacheometric measurements were always automati-
cally inside those detected (Fig. 4).

1 Tacheometric measurement of carriageway edges

¥ "="8 Automatic detection of carriageway edges

i1 Tacheometric measurement of surface wearing course damage
mmmm Automatic detection of surface wearing course damage

210 2 4 8m
O —

Fig. 4 Overestimation of automatic detection relative to tacheo-
metric measurement. Results of automatic detection of forest road
carriageway area (inside dark dashed lines), automatic surface
wearing course damage detection (dark grey area), and comparison
with tacheometric measurement of forest road carriageway edges
(grey inlines) and tacheometric surface wearing course damage
(dotted pattern)

Table 3 Forest road carriageway edge detection
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Table 2 Differences in cross-profile width calculated as tacheo-
metrically measured width minus automatically detected width

Section ST, m ST2, m ZV1, m V2, m
Mean -0.88 -0.49 -1.27 -1.59
Min. -1.50 -2.59 -2.60 -3.81
Max. -0.15 0.30 0.14 -0.68
Std. dev. 0.32 0.69 0.85 0.70
RMSE 0.94 0.85 1.53 1.74

The most significant width deviations (up to near-
ly four meters) occurred at the junctions of skidding
tracks, where a part of the connecting road was de-
tected. However, in most cases, the detection of road
width did not significantly affect damage detection,
and the incorrectly determined road shape could be
manually adjusted. Table 2 shows the differences in
cross-profile width. Cross profiles for calculation were
taken every 10 m on each section.

In Sections ST1, ST2, and ZV1, the area of forest
road carriageway was overestimated by 10.2% to
18.5%. In Section ZV2, much higher overestimates of
carriageway area were obtained (42.6%), caused by the
automatic method used for detecting reinforcements,
especially at intersections with other forest roads or
reinforced skidding access to forest stands (the junc-
tions of skidding tracks) (Table 3).

Due to the overestimation of the forest road car-
riageway edges by automatic detection, surface wear-
ing course damage was partially detected outside the
tacheometrically surveyed edges of the road. How-
ever, on average, 89% of the detected damage was
within the tacheometrically measured carriageway
edges (from 78% to 91%) (Table 4 and Fig.5).

To evaluate the success of the automatic detection
method, we compared the extent of the damaged area

ST1 ST2 V1 N2 Mean
Area of forest road carriageway edges
m? % m? % m? % m? % %
Tacheometric measurement 578 100.0 579 100.0 601 100.0 1289 100.0 100.0
Automatic detection 685 1185 638 110.2 695 115.6 1839 142.6 127.9

Table 4 Detection of wearing course damage inside and outside tacheometrically measured carriageway edges

ST1 ST2 V1 YA Mean
Area of surface damage detection
m’ % m’ % m’ % m’ % %
Inside edges 98.5 91.4 153.1 90.0 85.2 78.4 370.0 91.4 89.4
QOutside edges 9.2 8.6 17.0 10.0 235 21.7 34.1 8.4 10.6
Croat. j. for. eng. 47(2026)1 7
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A

E=527 Automatic detection of damage outside the carriageway edges
mm Automatic detection of damage inside the carriageway edges
Tacheometric measurement of surface wearing course damage
4 2 0 4 3 16m [ Tacheometric measurement of carriageway edges

O s —— #="="4 Automatic detection of carriageway edges

Fig. 5 Area of automatic wearing course damage detected inside and outside tacheometrically measured carriageway edges (dark grey area
and hashed back lines)

detected as a percentage of that measured by tacheo-
metric methods. The damage was significantly over-
estimated in all sections except ZV2. On average, the
overestimation was 19% (Table 4).

The overlap between the total area damage detect-
ed by tacheometric measurement and automatic de-
tection was less than 57%, with individual sections of
the road varying between 52% and 64% (Table 5 and
Fig. 6). This difference shows the effect of the subjec-
tivity of a surveyor taking tacheometrical measure-

;21 Tacheometric measurement of surface wearing course damage

ments in the field in contrast with the more precise —Automatic detection of surface wearing course damage
. . . 7777 Qverlapping damage area
damage detection of laser scanning. (See Section ST1 £ Tacheometric measurement of cariageway edges
in Fig. 7 and compare with laser scanning results and ¥7574 Automatic detection of carriageway edges
tacheometrical measurement for this part of the road). s io a4 ;
. . m
The discrepancy occurs because the surveyor is often -

more focused on significant (main) damage, such as
deep potholes and ruts, than on a torn-off abrasive
layer (see Fig. 6).

Fig. 6 Comparison of overlap and extension between tacheometric
measurement and automatic detection of surface wearing course

damage

Table 5 Surface wearing course damage detection

ST ST2 V1 N2 Mean

Surface wearing course damage
m? % m’ % m? % m’ % %

Tacheometric measurement 65.9 100.0 1215 100.0 108.5 100.0 559.3 100.0 100.0
Automatic detection 107.8 163.5 170.1 140.0 108.7 100.2 404.7 724 119.0
Overlapping area 379 57.5 63.9 52.6 61.8 57.0 323.1 57.8 56.9

8 Croat. j. for. eng. 47(2026)1



Automatic Detection of Surface Damage on Forest Roads Using Mobile LiDAR and GIS ... (1-XX)

P. Hrtiza et al.

[ Tacheometric measurement of carriageway edges
mm Automatic detection of surface wearing course damage

=" & Automatic detection of carriageway edges

Fig. 7 A typical example of surface wearing course damage on ST1 (field, laser scanning) compared to automatic detection of surface wear-

ing course damage

4. Discussion

Over the past decades, several methods have been
developed for automatic road extraction (Clode et al.
2004, Ferraz et al. 2016, Philippe and Phuc 2021), with
a focus on DTM analysis using image processing tools.
These may produce accurate results in urban areas
with regular road characteristics and good contrast.
Still, they are less accurate when applied to forest
roads because of their irregularities, terrain, and over-
all characteristics. Among the principal challenges of
the developed methodology is the automatic identifi-
cation of the road itself, which often leads to signifi-
cant overestimation, particularly at road intersections
or reinforced skidding access to forest stands. In these
areas, the forest road formation was substantially ex-
panded, and the most significant overestimation was
observed in the automatic detection of the surface
wearing course area (Table 3, Section ZV2, 42.6%) com-
pared to its tacheometric survey. These issues can be
addressed through manual intervention. For the anal-
yses conducted in this study, digital surface models
were employed, as the edges of forest roads had not
been delineated. The herbaceous vegetation that
grows along the road shoulders presented a substan-
tial barrier that complicated the automatic detection
of terrain shapes, thus impeding the differentiation
between the flat road surface and its surroundings.
Additionally, methods for automatic classification of
ground points were tested; however, due to the Geo-
SLAM scanner lack of multiple return capability, the
laser pulses did not penetrate the vegetation to reach
the underlying terrain.

Although at first glance, the method of automatic
surface wearing course damage detection did not
achieve a very high accuracy of location match (with
only 57% overlap), the overall surface damage area
results reached an approximate agreement. Several
factors can influence the results. One of these is the
accuracy of the pothole and rut survey. The location
of individual points during a tacheometric survey is
highly subjective. It depends on the surveyor's judg-
ment of when to consider the damage significant and
whether it should be captured. Additionally, tacheo-
metric measurement generalizes the shape of potholes
and ruts. It can be concluded that the low agreement
shown by the overlap in the evaluation of the two
methods (Table 5) was due to this generalization of the
shape of potholes and ruts, a lack of precise measure-
ment of the torn-off abrasive layer, and the surveyor's
effect of increasing the actual area of damaged pot-
holes or ruts. The tacheometric measurement method
suffers from accuracy issues due to the distance be-
tween the points where the survey rod is positioned
and recorded on the road surface. The surveyor's ap-
proach overestimates the extent of individual areas of
damage (as seen in Fig. 5) and neglects to measure the
torn-off abrasive layer, as seen in Fig. 6. This is why,
on Sections ST1, ST2, and ZV1, automatic detection is
so much higher than on ZV2, as shown in Table 4. The
overall area of automatic damage detection was
approximately 19% higher than that measured by a
surveyor using tacheometric methods. Since laser
scanning can precisely capture the shape of surface
structural failures, such as the tearing off of the
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abrasive layer, this method, with a suitable device, can
assess forest road longevity and propose renewal
strategies. This means determining the priority of for-
est road repairs quickly and objectively.

Personal handheld mobile laser scanners, such as
the GeoSLAM ZEB Horizon (Faro Ltd.), will become
standard for detecting forest road wearing course
damage. Compared to low-cost devices such as the
iPhone LiDAR scanning app (Mikita et al. 2022),
promising overall results have been achieved with this
device. We found that it maintained its measurement
stability in longitudinal distance. Due to its relative
simplicity of use in a forest environment influenced
by the surrounding forest canopy, this device can re-
place GPS technology (Abdi et al. 2012) or even UAV
(Hrtiza et al. 2016, Turk et al. 2022) in such an environ-
ment. Azizi et al. (2013) used airborne LiDAR data
collected by a sensor mounted on a fixed-wing aircraft
for forest road detection, and their findings show that
this kind of technology helped detect the center line
with a positional accuracy of +1.3 m. Compared to
other laser scanning results in urban environments
(Yang et al. 2013), the detection accuracy of forest road
carriage edges is low because forest roads are con-
structed without concrete curbs. Urban roads and
their surface quality are difficult to compare, even in
sealed-wearing courses, so the results achieved by us-
ing terrestrial mobile LiDAR to automatically recon-
struct road surface features in urban areas (Guo et al.
2015) are incomparable. As mentioned above, our sug-
gested automatic method for detecting forest road car-
riageway edges must be verified considering the pres-
ence of other forest road crossings and skidding access
to forest stands. However, even in urban areas, there
is a call for a semi-automated process (Yang et al.
2013). This automatic method can also be applied to
other data collection techniques, such as terrestrial la-
ser scanning (Akgul et al. 2017) or mobile LiDAR sys-
tems (Guan et al. 2016), which offer precise surface
measurements. Additionally, integrating an RGB cam-
era could enhance detection accuracy by capturing
visual details like texture and color variations that
complement LiDAR data (Maeda et al. 2018). In the
case of forest roads, it would be possible, for example,
to classify the RGB values of a point cloud and thus
distinguish the forest path surface not only based on
the shape (as in this study) but also based on the color
(or reflectivity) of each point. It has already been
shown that mobile devices with an integrated LIDAR
sensor can measure shorter sections of forest roads
(Mikita et al. 2022). Therefore, the proposed approach
can also be applied to data acquired with mobile de-
vices. With further development of these devices, the
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positional and elevation accuracy will gradually in-
crease. However, with the development of LiDAR
technology, mobile scanners are becoming significant-
ly cheaper, and the method has the potential to be-
come widely available not only for assessing road
surface damage but also for forestry inventory. This
dual-use potential helps justify acquisition costs by
demonstrating its broader applicability in forest man-
agement.

5. Conclusions

Automatically detecting surface wearing course
damage on forest roads involves two parallel steps.
First, the carriageway edges are identified using a la-
ser-scanned point cloud, which provides a detailed 3D
representation of the terrain, including the road and
its surroundings. Although algorithms are employed
to analyze the point cloud data to detect and delineate
the edges of the carriageway, this may still involve
filtering out elements (such as crossings with other
roads and reinforced skidding access to forest stands)
and accurately tracing the road and the carriageway
edges. Thus, the process of automatic detection must
be controlled. Second, the condition of the road sur-
face is assessed, and the damage area to the surface
wearing course is determined. This involves examin-
ing damage within carriageway edges to detect pot-
holes, rutting, and other types of wear, such as a torn-
off abrasive layer. Techniques such as surface texture
analysis, pattern recognition, and deep machine learn-
ing may be used to identify and classify the extent of
the damage. Still, our automatic damage detection
method did not allow this degree of accuracy. In our
study, only the area of the damage was considered and
not its shape or depth. This will be the focus of a sub-
sequent study, aiming to detect the type of surface
damage to the forest road wearing course.

Running these two processes in parallel ensures a
comprehensive assessment of the forest road condi-
tion. The first automatic process provides the neces-
sary spatial context by defining where the forest road
carriageway edges are, with the manually controlled
process of its result. In contrast, the second process
focuses on evaluating the condition of the road wear-
ing course surface within the defined damage areas
that GIS tools can fully automate. Together, these pro-
cesses allow forest road conditions to be effectively
monitored, ensuring they remain safe and passable.
They also provide forest managers with more objec-
tive forest road care planning decisions.
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