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Abstract

The life and robustness of forest roads depend on their protection from the harmful effects of
water coming into the road surface. In particular, the deterioration of the road surface affects
the safe navigation of vehicles and traffic safety. This situation requires that the surface be
stable on forest roads. The aim of the study is to examine whether surface deterioration (erosion
and accumulation) on forest roads due to the drainage problem of water falling on the road
surface can be minimized by open-top culverts and to determine their effectiveness. These are
used in three separate trial blocks every 25 m (A parcels; total of 3 parcels), every 50 m (B
parcels; total of 3 parcels) and control block (C). Volumetric erosion and accumulation in these
blocks was compared by UAV for about 3 years and the effectiveness of the open-top culverts
was examined by this method. A 500 m section of the forest road coded 001 of the Kardiiz
Forest Operations Directorate (Diizce/ Tiirkiye) was examined in the study. As a result, erosion
and accumulation in all blocks have been found to have a dynamic course. It was determined
that this mobility was greater in the control block than in the blocks with open-top culverts
installed at intervals of 25 m and 50 m. The mean Z values for the blocks showed that the
deterioration in the control block (C) was higher than in the blocks with 25 m and 50 m open
culverts. The volumetric deterioration rate was 5 times higher in the control block than in the
block installed at 25 m interval (A plots) and 2 times higher than in the block installed at 50 m
interval (B plots). Similarly, the areal deterioration rate was 3.3 times higher in the control
block than in the block installed at 25 m interval (A plots) and 1.4 times higher than in the
block installed at 50 m interval (B plots). These results showed the effectiveness of open-top
culverts and it was also determined that the open-top culverts installed at 25 m intervals were
more effective than the open-top culverts established at 50 m intervals. In addition, according
to the statistical analysis, a statistically significant difference was found between the erosion
volume in the blocks. Open-top culverts should be used against forest road surface deterioration
and UAV technology should be used for deterioration detection.
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1. Introduction

Ensuring the continuity of the road surface (pave-
ment), especially on forest roads, by keeping the dete-
rioration to a minimum, ensures that the road is open
to access for many years and reduces maintenance and
repair costs (Bayoglu 1997, Kramer 2001). In addition,
the cost of building forest roads is considerable, even
when relatively cheap materials such as aggregates of
natural or anthropogenic origin are used (Grajewski
2023). Road surface is one of the most important ele-
ments to ensure the continuity of the functions that
forest roads will perform during the service period

and to maintain safe vehicle traffic and driving dy-
namics (Haas 2001, Morgado and Neves 2014, Lee et
al. 2015, Akay 2018). The forest road consists of two
main sections: infrastructure and road surface. The
infrastructure consists of excavation and filling and
architectural structures (bridge, retaining wall, cul-
vert), while the road surface consists of the lower base
and the basic layers exposed to traffic load (Bayoglu
1997, Erdas 1997, AASHTO 2001, GDF 2008, Adlinge
and Gupta 2013, BCMF 2018).

Road surface deterioration is the process by which
distress (defects) develop in the surface under the
combined effects of traffic loading and environmental
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conditions (Adlinge and Gupta 2013). The road surface
built on the infrastructure deteriorates over time due
to climate effects (Fwa 2005, Wee and Teo 2009, Akgul
et al. 2017, Akgul et al. 2019), traffic load (Tighe et al.
2003, Zhang 2008, Kaare et al. 2012, Boghian et al. 2015,
Akgul et al. 2019, Yurtseven et al. 2019), maintenance
done (Haas 2001, Tighe et al. 2003), materials used
(Adlinge and Gupta 2013), poor drainage (Abhijit and
Jalindar 2011) and other environmental factors (George
et al. 1989). There are three fundamental mechanisms
of deterioration: wear and abrasion of the road surface
material under traffic, deformation of the surface and
roadbed material under the stresses induced by traffic
loading and moisture conditions, and, finally, erosion
of the surface by traffic, water and wind (Paterson
1987). Deterioration types are generally determined
according to road surface defects; these are divided into
three main sections: cracks, separations and permanent
deformation (Paterson 1987, Kramer 2001, Haas 2001).
Although these three main sections are reserved for
highways, there is also general decomposition and
deformation on forest roads (Paterson 1987).

The methods used to detect and measure the dete-
rioration in the road surface are divided into two cat-
egories: traditional (manual) and automatic methods.
Both methods differ in time, security, objectivity, cost,
data size, data management, and scope (Attoh-Okine
and Offei 2013). Automated methods have entered the
highway literature because they measure deteriora-
tions more precisely and limit the disadvantages of the
traditional method (Herr 2001, Wang 2005, Chang et
al. 2005, Herr 2009, Li et al. 2009, Wang et al. 2011,
Huang et al. 2011, Tsai et al. 2013). UAV systems,
which are one of the remote sensing techniques, are
automatic methods and are frequently used today.

Nowadays, UAV technology is frequently used ex-
cept for roads and close results are obtained with field
measurement results. UAVs are used in studies such
as volume calculation related to land surface change
(Ulvi 2018, Giilci and Kiling 2018), monitoring of rock-
fall area (Yakar et al. 2023), landslide areas and pro-
duction of a landslide inventory map (Kusak et al.
2021), monitoring and volume calculation of soil ero-
sion on fairy chimneys (Yilmaz et al. 2012), estimating
the size of soil deterioration after wood harvesting
(Talbot et al. 2018).

Photogrammetry methods are also used to deter-
mine deteriorations, such as erosion occurring on
roads. In a study on the determination of road surface
deteriorations, photogrammetric methods were ap-
plied to store, record, process, and reduce surface data
in order to minimize errors and standardize the surface
survey process (Attoh-Okine and Adarkwa 2013). The
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first study on roads using photogrammetric methods
was carried out by Zhang (2008) to assess the condition
of soil roads. In this study, data acquisition was per-
formed with a UAV at a height of 50 m above the
ground. Diaz-Vilarino et al. (2016), on the other hand,
compared the photogrammetric data quality obtained
using UAVs with the data obtained using a mobile
LIDAR system on an asphalt road in a mountainous
area and evaluated their effects on the detection of
runoff on the road surface. Hrtiza et al. (2016) demon-
strated the possibility of detecting and monitoring the
wearing course of forest roads with UAVs. Dobson et
al. (2013) also recognized the need for effective periodic
monitoring of a soil (unpaved) road and conducted a
study on monitoring road deteriorations (such as
washboarding, cracking, potholes and cross-sectional
deformations of the road platform) using a UAV-based
approach.

Furthermore, Hasegawa et al. (2023) used UAVs to
calculate the earthwork volume of a road repair work
and stated that UAVs can be used to accurately calcu-
late the earthwork volume. Apart from these studies,
UAV systems have also been used in road classifica-
tion (Bigici and Zeybek 2021). In the literature, there
are studies (Hrtiza et al. 2016, Giilci and Sireli 2019,
Cheng et al. 2023, Eker 2023, Tiirk et al. 2024) in which
close-range photogrammetry is also used for the de-
termination of forest road surface deterioration.

In studies on forest roads in Turkey, Akgiil et al.
(2017) evaluated meteorological conditions, which
have an effective role in deteriorations occurring in the
forest road surface, using a local laser scanner. Tiirk et
al. (2018) evaluated the possibilities of using UAVs to
determine the environmental impacts of forest road
construction activities. In the study, it was stated that
optical sensors have limited capabilities in areas with
high stand density for mapping the fill area and con-
struction impact area due to road construction. Fur-
thermore, in their study, Bugday (2018), Ciritcioglu
and Bugday (2022), Kinal: and Caliskan (2022) and
Tiirk et al. (2022a) examined the ability to use UAV in
determining the cut and fill volumes in the construc-
tion of forest roads. In these studies, it was empha-
sized that UAV technology is effective in forest road
volume calculations.

Hrtza et al. (2016) presented in their study that it
is possible to detect deterioration with a 2 cm RMSE
(root mean square error) using UAV data. Yurtseven
et al. (2019) emphasized that in a point cloud-based
study on forest road surface modeling, the road sur-
face models obtained with a terrestrial laser scanner
and UAV were close to each other in terms of precision
and that UAV systems can be used on forest roads.
Recent studies on UAV-based monitoring of road
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surface deteriorations were carried out by Tiirk et al.
(2019a, 2019b) and Tiirk et al. (2022b). In addition,
Tiirk et al. (2024) used UAVs to detect surface erosion
on the excavation slope. In these studies, deteriora-
tions on the forest road were detected by the UAV and
its usability was stated. In our study, UAV technology
was used as in other studies. However, in our study,
the effectiveness of open-top culverts was investigated
with a UAV for the first time. In addition, unlike other
studies, an algorithm was used in the volume calcula-
tion of forest road surface deterioration.

Raindrops falling on the road surface, where the
longitudinal slopes of forest roads, which are usually
located in mountainous terrain, are high, constantly
flow along the road axis and do not immediately leave
the road surface. This water, whose flow rate increas-
es with the effect of the slope, plays on the road surface
over time and then causes the formation of fissures.
This formation gains even greater speed as the road
slope increases. For this reason, the waters that cause
damage by flowing along the road axis on forest roads
are removed from the road surface with open-top cul-
verts of various shapes (Bayoglu 1997, Erdas 1997).

Open-top culverts are only used for forest roads.
Open-top culverts are manufactured in different sec-
tions with steel and concrete materials other than
wood (Fig. 1). Wooden open-top culverts can also be
made of round trees and uniformly cut planks.

Wood

Fig. 1 Open-top culverts and their deployment
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This study assesses the impact of open-top culverts
on forest road surface deterioration using UAV tech-
nology. In determining the effectiveness of open top
culverts, erosion and accumulation volumes on the
road surface were analyzed as deterioration. In this
context, in order to determine the deterioration caused
by rainwater on the surface of sloping (9%) forest
roads, wooden open-top culverts were placed at dif-
ferent intervals on the road surface. In addition, the
deterioration rate was determined in 25 m (A parcels),
50 m (B parcels) and control (C) blocks where open-top
culverts were installed with high precision with the
UAV. In the study, the relationship between the dete-
rioration in the blocks with open-top culverts installed
at 25 m and 50 m intervals and the deterioration rates
in the control block was subjected to statistical analy-
sis. Apart from the open-top culverts in the study, the
UAYV (Drone), which has been used and accepted in
international literature in recent years, has been used
to analyze deterioration on forest road surfaces and
produce a high-resolution orthophoto map. Thus,
road surface maintenance works, which is a costly pro-
cess, were carried out where necessary (on the local
forest road surface instead of the complete road sur-
face) to reduce road repair and maintenance costs and
to determine the road surface material required for
road repairs with high precision.
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2. Materials and Methods

2.1 Study Area

As a field of study, the first 500 meters of the forest
road with the code 318 in Kardiiz Forest Operations
Directorate (FOD) (Diizce/Turkey), which is open to
wood transport and recreational vehicle use and of
which 2 km of surface was renewed in August 2017,
was selected. The Kardiiz Region is located in the
Western Black Sea Region between 40° 39" and 40° 45'
north latitudes and 30° 53" and 31° 01' east longitudes
(Fig. 2). Kardiiz FOD has a total area of 5045 ha, of
which 3745 ha are forested and 1300 hectares are un-
forested. Approximately 87 km of forest roads are
found in Kardiiz FOD. According to the Kardiiz
Plateau Meteorological Station, the average annual
rainfall is 840 mm, and the average annual tempera-
ture is 13 °C. The main tree species of the region are
Eastern Beech (Fagus orientalis Lipsky.), Uludag Fir
(Abies nordmanniana subsp. bornmiilleriana Mattf) and
Yellow Pine (Pinus sylvestris L.) (GDF 2011).

Black sea

Study'area

Fig. 2 Study area and surroundings

26° East
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2.2 Applications of Wooden Open-Top Culverts

Following the renewal of the surface in August
2017 on 2 km of the forest road coded 318, which is the
subject of the study, wooden open-top culverts were
placed in the area. All of the open-top culverts used in
this study were formed from uniformly cut planks.
Two side planks, 10 cm thick and 25 cm wide, form the
culvert sides, and an 8 cm thick, 10 cm wide (= free
opening) base plank forms the bottom of the culvert.
The section of the culvert is fixed on the lower side and
upper side with clamping bands made of ferrous iron
on the lower side to form a rectangle. The wooden
open-top culvert prepared in this way was placed in a
trench 30—40 cm wide and 4-5% inclined at a 30-de-
gree angle to the road axis at the place where the cul-
vert would be fixed, and the sides were compressed
with crushed stone and gravel (Fig. 3).

A total of 3 blocks were formed on the 500 m sec-
tion of the road subject to the study, and a total of 7
wooden open-top culverts were used. The deteriora-
tion of the selected blocks as one in 25 m (3 parcels: Al,

45° East
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Fig. 3 Design of open-top culverts used in this study

A2, A3) on the first block (A), one in 50 m on the sec-
ond block (B) (3 parcels: B1, B2, B3), and a third control
block (C) (125 m) were examined. In addition, the part
between B3 and C was left empty due to side impacts
(SI) (150 m). Attention was paid to the fact that the
geometric features of the road in the selected blocks
(approximate road longitudinal gradient: 9%, average
width of the road: 4 m), were the same.

2.3 Acquisition of UAV Digital Images

In order to monitor the deterioration in the road
surface and to evaluate the effectiveness of the de-
ployed open-top culverts, it was aimed to create high-
accuracy and high-resolution orthophoto mosaics us-
ing the UAV and the Digital Elevation Models (DEM).
As a UAV platform, two platforms were used in the
study: the DJI Mavic Pro model until April 17, 2020,
and the DJI Phantom 4 RTK system after that date. The
DJI Mavic Pro model has an integrated 12-megapixel
resolution camera. The flights on the road surface were
planned using UgCS flight planning software as an
adaptive topography that allows images to be taken
with a fixed 1.5 cm terrestrial resolution. In this context,
a flight plan was created with 70% front and side over-
lap, 48 m AGL (above ground level) altitude above
ground level, and lasting an average of 15 minutes.

The other UAV platform, the DJI Phantom 4 RTK
system, was used on April 17, 2020. This model is more
advantageous than the other in terms of workload (de-
crease in the number of ground control points) and
image resolution. The DJI Phantom 4 RTK system fea-
tures a 1-inch, 20-megapixel CMOS sensor. It has a
global navigation satellite system (GNSS) receiver that
allows for multi-frequency RTK data reception and
provides high position accuracy on the UAV system.

The flight planning process was created under the
control of the DJI Phantom 4 RTK system with the DJI
GS RTK application. In this context, firstly, the DEM
data of the field (SRTM DEM 30 m resolution) and a

vector of data covering the boundaries of the flight
area (in KML format) were transferred to the control
with an SD card. Then, using this data, taking into ac-
count the size of the area and the duration depending
on the battery capacity of the UAV, the topography
with 75% front and side overlay rates was done in a
way to make an adaptive flight. The topography of the
road platform was planned using UgCS flight plan-
ning software as an adaptive topography that allows
images to be taken with a fixed 1-1.3 cm terrestrial
resolution. In this context, an average flight plan of
15 minutes was created at 60 m AGL (above ground
level) with a 70% front and side overlay.

Before the realization of DJI Mavic Pro platform
flights in the field, 42 ground control points (GCPs)
were applied onto the road platform, which can be
clearly seen in the images to be taken with the UAV.
In the flights on the DJI Phantom 4 RTK platform, 12
GCPs were applied to the broken points of the road.
The X, Y, and Z coordinates of each GCP in the TUREF
TM30 coordinate system, which were applied with red
spray paint on the road surface, were measured with
a SATLAB SL600 6G RTK GNSS receiver with 1-2 cm
error horizontally and vertically. Following the com-
pletion of the application of GCPs to the area, flights
were carried out. In addition, in order to find the ob-
tained pixel values, buckets of a certain height were
placed on the road surface and the flights were carried
out in this way. Thus, it was determined which thresh-
old value would be filtered to determine the volume
of erosion or accumulation.

In the study, the first UAV flight was carried out
on September 9, 2017 after the completion of the de-
ployment of the open-top culverts on the road (August
30, 2017). The study data covered more than 3 years of
results (September 2017 — November 2020), and a total
of 20 flights were made within the scope of the work-
ing period. Flights were not made when the road was
covered with snow. Within the scope of post-flight
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office work, the images taken by the UAV were pro-
cessed and the cloud point of high resolution and ac-
curacy found. Agisoft Metashape Professional Version
1.5.2 software was used to produce DEM and ortho-
photo images. The software was run on the Windows
10 64-bit operating system. While the accuracy level of
the image routing process was set to medium, the
quality settings were high in other depth map produc-
tion, dense cloud generation stages; the quality set-
tings were also selected as high. The output produced
as a result of photogrammetric analysis of the images
is dense point cloud data in ».las« format, DEM and
orthomosaics in ».tiff« format. Then, in order to ensure
areal consistency in the analyses, all DEM and ortho-
mosaics were reduced to the same size by using vector
data representing the working area in ».shp« format.

2.4 Determination of Road Surface Deterioration

In the study, deteriorations on the road surface
were evaluated using the change in Z values for each
block. Here, all pixels within the polygon of each block
digitalized in the GIS software were not used because

Examining Open-Top Culverts Impact on Forest Road Surface Deteriorations via UAVs (119-139)

of the presence of vegetation in the area close to the
edge ditches, wood raw material left on the roadside
after harvesting operations carried out in the field, and
the presence of rock fragments aside from the usual
deterioration processes of the road. The aim of this
was to use the Z values of the pixels that are within
these selected zones and whose usual deterioration
was not affected by external factors. Each flight data
was checked before the volume calculation, and before
any of these factors were taken into account. In this
way, measurement errors were prevented, and accu-
racy was obtained in calculations between periods. In
this context, the importance of Z-value differences has
increased.

In order to correctly analyze the ordinary deterio-
rations, points were placed in the areas close to the
middle line of the road surface at certain intervals de-
pending on the length within each block, and then
circle-shaped zones (buffers) with a radius of 50 cm
were defined at these points. The aim of this was to
use the Z values of the pixels that are within these
selected zones and whose usual deterioration was not

40 20 0 40
I I I

Fig. 4 Circular zones with a 50 cm radius defined in each block on the road surface
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affected by external factors. These points defined on
the road surface in the study are shown in Fig. 4.

Deteriorations within the determined zones were
determined by using the average Z value of all pixels
in the zone. The average Z values of the pixels were
determined for all flights using the zonal statistics tool
(ArcMAP-Sapatial Analyst-Zonal Statistics Tool). Then,
based on the first flight data dated September 9, 2017,
the differences in the average Z value obtained from
other flights (19 PCs) were determined. In the study, it
was important to define the zones and determine the
average Z value of the pixels in them because, if the Z
value of only a single pixel were taken into account,
errors could occur in the modeling process due to rea-
sons such as flight height, image quality, or shadow
effect, and therefore cause misleading results. For each
block, scatter blocks were produced by using the dif-
ferences in the mean Z values of the zones in it, and the
deteriorations were compared. Thus, the effectiveness
of open-top culverts on the deteriorations in the rele-
vant blocks could be evaluated more accurately.

During the study, 2D analysis was also carried out
to determine the volume and areal of the material that
was deformed and accumulated in the blocks. In this
context, DEM differences were taken first (Fig. 5a). In

DEM,, - DEM, = DEM

difference
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this process, DEM is applied by subtracting the value
of each pixel forming the DEM data produced in raster
format (in DEM, this value is the height above sea
level) from the value of the overlapping pixels of the
other DEMs in the time series. DEM differences were
subtracted from other flights based on the first flight
data dated September 9, 2017. The block boundaries
were cut out from the different DEM data (Fig. 5b)
produced as a result of this process. Then, the volu-
metric and areal determination of the deterioration
was carried out separately for each block, free from
external factors. In order to determine the volume and
areal an add-on in the form of a toolbox was designed
into the ArcMAP module of the ArcGIS software with
the Python programming language (Fig. 5c). From the
DEM difference data, the algorithm calculates the vol-
ume and areal accumulated over all pixels with posi-
tive difference values and the volume and areal erod-
ed over all pixels with negative values, as shown in
Fig. 5d. The algorithm records the volume and areal
information as a text file (.txt extension) in the location
defined as the workspace (Fig. 5e) (Tiirk et al. 2022a).
The algorithm uses the DEM of difference data. In this
data, the operation is performed on the value of the
pixels. If the pixel value is less than 0, it is considered
erosiony; if it is larger, it is considered accumulation.
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The volume in each pixel is calculated by multiplying
the pixel area depending on the resolution by the val-
ue of the pixels with erosion or accumulation, and the
total volume is obtained. The total size of the pixels
with erosion or accumulation gives the overall results.

The accuracy of the algorithm is also related to the
accuracy of the UAV models. When calculating ero-
sion and accumulation, the algorithm applies the
threshold value using model errors. For example, if
the model errors are X cm, pixels in the range +X cm
are not included in the volume calculation. This dif-
ference is seen as a modeling error. If the pixel value
in the difference data is outside this range, it is consid-
ered deterioration. For this reason, buckets of certain
height and volume were placed on the road platform
to find the pixel values obtained in the study, and the
flights were carried out in this way. Thus, it was de-
termined between which values the surface deteriora-
tion should be filtered (Fig. 5b). In addition, deteriora-
tion, volumetric, and areal maps were created by
classifying the deteriorations in separate tabs with
ArcGIS software. Similarly, each flight data was
checked before the volume calculation, and the un-
usual factors were digitized in GIS software and re-
moved from the study area. In such cases, random
forest, support vector machine, etc. algorithms can be
used for path extraction and external factor filtering.

2.5 Statistical Methods Used

The Kolmogorov-Smirnov normal distribution test
was used to investigate whether the data was normal-
ly distributed or not. When the data did not show a
normal distribution, necessary changes were made to
ensure a normal distribution. Analysis of variance was
applied to find out whether there was a difference in
the volumetric deterioration per square meter and Z
differences between the blocks. The Z differences in
the blocks were normalized for statistical analysis due
to the presence of negative values. The normalization
formula is given below. Here, itis used to calculate the
position of each value relative to the highest and low-
est values in a population. All statistical analyses were
carried out with the SPSS 22 package program.

Normalization formula:

X - Xmin

X'=—>="Lmin
Xmax - Xmin

@™

3. Results

3.1 Findings about Road Surface Deteriorations

The average width of the road subject to the study
was 4 m and the approximate longitudinal gradient

Examining Open-Top Culverts Impact on Forest Road Surface Deteriorations via UAVs (119-139)

was 9%. Within the scope of the study, the deteriora-
tion of the road surface in the blocks was monitored
with UAV flights for a period of about 3 years. The
images obtained were georeferenced, a point cloud
was created with the SfM algorithm, and then the
DEM and orthophoto production of the road were car-
ried out. In the DEMs of the road, the lowest land el-
evation was calculated as 1146 m and the highest land
elevation as 1198 m.

Within the scope of the study, two methods were
applied to evaluate the effectiveness of open-top cul-
verts on road surface deterioration. The first of these
was to compare the differences in the mean Z values
of the pixels within the defined zones at certain inter-
vals in the regions close to the road surface centerline
in each block on the road. Within the scope of the
study, the second method of evaluating the effective-
ness of open-top culverts on road surface deterioration
was to evaluate the volume and areal of the material
erosion and accumulation within the determined
blocks.

3.1.1 Findings on Z Value Differences in the Blocks

Within the scope of the study, the first of the meth-
ods applied to evaluate the effectiveness of open-top
culverts on road surface deterioration was to compare
the differences in the mean Z values of the pixels with-
in the defined zones at certain intervals in the areas
close to the road surface center line within each block
on the road. The purpose here was to prevent mislead-
ing effects, especially the presence of vegetation in the
areas close to the side ditches of the road (branch-leaf
and living cover), the products left on the road as a
result of the road works in the area and the presence
of rocks or stones other than those from the usual de-
terioration process. In this method, the average Z val-
ues in the zones were compared by producing distri-
bution charts for each block. Table 1 presents the
average Z values for the blocks, and the graphs ob-
tained from these operations are given in Fig. 6.

When Table 1 and Fig. 6 are examined, as expected,
the deterioration obtained from the flight data in the
control block (C) is higher than that in the blocks with
25m (Al, A2, and A3) and 50 m (B1, B2, and B3) open-
top culverts. In the study, in order to eliminate the
unusual effects that influence road surface deteriora-
tion, it was ensured that the results were obtained in
a more trustworthy way by using the method men-
tioned here. The change indicated here as distortion is
the difference in the average Z values of the pixels. The
size of the areas exposed to erosion or accumulation
and the volumetric status of the eroded or accumu-
lated material are not taken into account.
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Table 1 Average Z differences on each block from DEM differences
DEM difference between flights 2 diferences on blocks, m
A1 A2 A3 B1 B2 B3 C
Sep. 2017 —Nov. 2017 -0.08 0.01 0.03 -0.03 -0.06 -0.05 -0.10
Sep. 2017 — Apr. 2018 -0.08 -0.01 0.06 0.03 -0.06 -0.11 -0.03
Sep. 2017 —Nov. 2018 0.03 0.09 0.04 -0.02 -0.07 -0.01 -0.12
Sep. 2017 — Mar. 2019 -0.05 0.01 0.05 0.05 -0.01 -0.06 -0.07
Sep. 2017 — Apr. 2019 -0.03 0.03 0.06 0.02 -0.03 -0.10 -0.09
Sep. 2017 —May 2019 -0.04 0.03 0.05 0.03 -0.04 -0.12 -0.10
Sep. 2017 — June 2019 -0.04 -0.01 0.01 0.05 -0.06 -0.11 -0.14
Sep. 2017 — July 2019 -0.06 -0.03 0.01 0.03 -0.08 -0.09 -0.06
Sep. 2017 — Aug. 2019 -0.07 -0.03 -0.01 0.02 -0.03 -0.11 -0.07
Sep. 2017 — Sep. 2019 -0.02 -0.01 0.01 0.00 -0.03 -0.09 -0.09
Sep. 2017 — Nov. 2019 0.00 0.03 001 0.01 -0.01 -0.07 -0.08
Sep. 2017 — Apr. 2020 -0.04 -0.02 0.00 0,01 -0.02 -0.08 -0.10
Sep. 2017 —May 2020 -0.06 -0.03 0.01 -0.02 -0.06 -0.10 -0.08
Sep. 2017 — June 2020 -0.08 -0.01 0.02 0,00 -0.03 -0.14 -0.02
Sep. 2017 — July 2020 -0.14 0.02 0.01 -0.03 -0.06 -0.07 -0.14
Sep. 2017 — Aug 2020 -0.09 -0.04 -0.01 -0.05 -0.17 -0.23 -0.21
Sep. 2017 — Sep. 2020 -0.11 -0.04 0.01 -0.01 -0.05 -0.11 -0.12
Sep. 2017 —Oct. 2020 -0.06 0.02 0.06 0.01 -0.05 -0.10 -0.11
Sep. 2017 — Nov. 2020 -0.06 -0.01 0.01 0.00 -0.05 -0.08 -0.14

3.1.2 Volumetric and Areal Findings of Erosion and
Accumulation on Blocks

In the study, the second method of evaluating the
effectiveness of open-top culverts on road surface de-
terioration was to evaluate the erosion in the blocks
determined by vector data. In the same way, as with

the Z differences, the presence of vegetation in the
blocks, post-roadworks waste and the rock or stone
fragments coming into the road, aside from the usual
deterioration processes of the road, were removed and
cleared of external factors.The erosion and accumula-
tion volumes of each block by years are given in Table 2

Table 2 Volumetric erosion and accumulation from DEM differences on blocks

Volumetric erosion (—) and accumulation (+) on blocks, m
DEM diff
Herence Al A2 A3 BI B2 B3 c

between flights by year

() (+) () (+) () (+) () (+) () (+) () (+) () (+)
First Year

0.843 | 4819 | 0.001 | 6.643 | 0.125 | 1.743 | 3.007 | 1.452 | 7.634 | 0.094 | 2.511 | 1.748 | 62.804 | 10.698
Sep. 2017 —Nov. 2018
Second Year

1979 | 2.934 | 0.635 | 2.406 | 0.124 | 2145 | 1.123 | 1.953 | 2.330 | 1.093 | 10.141 | 0.047 |43.032 |12.114
Sep. 2017 —Nov. 2019
Third Year

3.296 | 0.047 | 0.720 | 0.276 | 0.126 | 0.727 | 1.165 | 0.472 | 5.680 | 0.128 | 12.292 | 0.049 |60.963 | 2.430
Sep. 2017 — Nov. 2020
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Fig. 6 Deteriorations derived from differences in average Z values in each block using flight data (vertical axis are Z difference values in the
graph, m)
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Fig. 7 Map of volume (m®) deteriorations of the first, second, and third year

according to the results of the analyses made by taking
September 2017 as a constant. In addition, Fig. 7 pres-
ents the first-, second-, and third-year volumetric de-
terioration maps in the blocks. When Table 2 is exam-
ined, it can be seen that the dynamic movement of
erosion and accumulation in all blocks was found to
continue in the three-years time series. It was deter-
mined that this mobility was greater in the control
block (C) than in the blocks with 25 m (A1, A2, and A3)
and 50 m (B1, B2 and B3) open-top culverts.

The volume of erosion and accumulation per
square meter, which is important in the comparison of
deteriorations in the blocks, was also found. Table 3
presents the erosion and accumulation volume per
square meter of the blocks by including the sum of A
parcels (AS) and the sum of B parcels (BS). In addition,
the data graphs for the first-, second-, and third-year
are given in Fig. 8. When Table 3 is examined, it can be
seen that there was 4.9 times more erosion in the con-
trol block (C) compared to the AS average and 1.98
times more erosion according to the BS average. These
results revealed the effectiveness of open-top culverts.

Furthermore, when Table 3 is examined, it can be seen
that there was a 1.71-fold accumulation in the control
block (C) compared to the AS average and a 6-fold
accumulation in the BS average. On the road surface,
minimum erosion was calculated at A2, A3, and B1
(0.000 m® m™), maximum erosion at B3 (0.211 m’ m?),
minimum accumulation at A1, A2, and B1 (0.000 m’ m?)
and maximum accumulation at A3 (0.064 m®> m?).
These results and the average results show the dy-
namic mobility of the blocks. Due to the location of the
A1l parcel, a surface flow has occurred from outside
the work area towards this parcel. For this reason, in
the first two years, the volume of accumulation in the
A1 parcel was high (Fig. 8), due to external factors (Fig.
9). This is a natural process, and parcel Al is included
in the results.

In addition to the volumetric deterioration related
to the blocks, areal deterioration was detected in the
study. Likewise, as a result of the analyses made by
taking the blocks cleared of external factors in Septem-
ber 2017, as a fixed, three-years time series, the areal
erosion and accumulation sizes of each block are

Croat. j. for. eng. 46(2025)1

129



Y. Tiirk et al. Examining Open-Top Culverts Impact on Forest Road Surface Deteriorations via UAVs (119-139)

Table 3 Volumetric erosion and accumulation from DEM differences per square meter on blocks

Volumetric erosion (—) and accumulation (+) per square meter on blocks, m® m*

DEM difference

between fiights Al A2 A3 AS B1 B2 B3 BS C

o I e o e G o G A I G I O B R )
Sep. 2017 —Nov. 2017 | 0.056 | 0.000 | 0.003 | 0.009 | 0.000 | 0.013 | 0.022 | 0.007 | 0.030 | 0.000 | 0.057 | 0.001 | 0.026 | 0.000 | 0.034 | 0.000 | 0.104 | 0.017

Sep. 2017 — Apr. 2018 | 0.072 | 0.003 | 0.013 | 0.007 | 0.001 | 0.047 | 0.031 | 0.018 | 0.006 | 0.026 | 0.058 | 0.002 | 0.110 | 0.000 | 0.062 | 0.009 | 0.067 | 0.029
Sep. 2017 —Nov. 2018 | 0.009 | 0.030 | 0.000 | 0.000 | 0.002 | 0.021 | 0.004 | 0.050 | 0.020 | 0.010 | 0.074 | 0.001 | 0.013 | 0.009 | 0.030 | 0.007 | 0.122 | 0.021
Sep. 2017 —Mar. 2019 | 0.032 | 0.001 | 0.004 | 0.007 | 0.000 | 0.047|0.013 | 0.017 | 0.000 | 0.040 | 0.018 | 0.009 | 0.046 | 0.000 | 0.024 | 0.015 | 0.084 | 0.032
Sep. 2017 —Apr. 2019 | 0.020 | 0.001 | 0.001 | 0.015 | 0.000 | 0.058 | 0.008 | 0.023 | 0.003 | 0.012 | 0.035 | 0.005 | 0.078 | 0.000 | 0.043 | 0.005 | 0.100 | 0.024
Sep. 2017 —May 2019 |0.021 |0.001 | 0.001|0.017 | 0.000 | 0.046 | 0.040 | 0.020 | 0.003 | 0.015 | 0.044 | 0.003 | 0.101 | 0.000 | 0.056 | 0.005 | 0.110 | 0.025
Sep. 2017 —June 2019 |0.021 | 0.000 | 0.003 | 0.022 | 0.000 | 0.064 | 0.009 | 0.027 | 0.006 | 0.005 | 0.034 | 0.004 | 0.102 | 0.000 | 0.054 | 0.003 | 0.114 | 0.058
Sep. 2017 — July 2019 | 0.034 | 0.000 | 0.017 | 0.003 | 0.002 | 0.016 | 0.019 | 0.006 | 0.001 | 0.014 | 0.079 | 0.000 | 0.084 | 0.000 | 0.055 | 0.005 | 0.070 | 0.020

Sep. 2017 — Aug. 2019 |0.051|0.000 | 0.022 | 0.003 | 0.006 | 0.008 | 0.028 | 0.003 | 0.001 | 0.011 | 0.044 | 0.005 | 0.110 | 0.000 | 0.059 | 0.005 | 0.077 | 0.016

Sep. 2017 —Sep. 2019 |0.013|0.002 | 0.010 | 0.004 | 0.001 | 0.013 | 0.008 | 0.006 | 0.006 | 0.006 | 0.045 | 0.007 | 0.073 | 0.000 | 0.044 | 0.004 | 0.108 | 0.026
Sep. 2017 —Nov. 2019 |0.020| 0.030 | 0.007 | 0.028 | 0.002 | 0.026 | 0.010| 0.028 | 0.008 | 0.013 | 0.023 | 0.011 | 0.052 | 0.000 | 0.031 | 0.007 | 0.084 | 0.024
Sep. 2017 — Apr. 2020 |0.026 | 0.002| 0.0110.006 | 0.010 | 0.010 | 0.016 | 0.006 | 0.007 | 0.014 | 0.038 | 0.011 | 0.065 | 0.002 | 0.040 | 0.008 | 0.104 | 0.021
Sep. 2017 —May 2020 |0.030 | 0.000| 0.021 | 0.000 | 0.002 | 0.009 | 0.018 | 0.003 | 0.011 | 0.001 | 0.060 | 0.001 | 0.074 | 0.000 | 0.050 | 0.001 | 0.091 | 0.017
Sep. 2017 — June 2020 |0.053 | 0.000| 0.010|0.003 | 0.001 | 0.021 | 0.023 | 0.007 | 0.009 | 0.007 | 0.042 | 0.004 | 0.130 | 0.000 | 0.070 | 0.003 | 0.054 | 0.051
Sep. 2017 —July 2020 |0.130 | 0.001 | 0.004 | 0.014 | 0.001 | 0.013 | 0.049 | 0.009 | 0.027 | 0.000 | 0.054 | 0.001 | 0.047 | 0.000 | 0.042 | 0.000 | 0.131 | 0.001
Sep. 2017 —Aug 2020 | 0.060 | 0.000 | 0.028 | 0.001 | 0.006 | 0.002 | 0.033 | 0.001 | 0.044 | 0.000 | 0.178 | 0.000 | 0.211 | 0.000 | 0.148 | 0.000 | 0.199 | 0.001

Sep. 2017 — Sep. 2020 | 0.086 | 0.000 | 0.026 | 0.001 | 0.001 | 0.011 | 0.041|0.004 | 0.017 | 0.001 | 0.054 | 0.002 | 0.087 | 0.000 | 0.056 | 0.001 | 0.115 | 0.013

Sep. 2017 —Oct. 2020 | 0.048|0.003 | 0.002 | 0.016 | 0.000 | 0.061 | 0.019| 0.025 | 0.007 | 0.009 | 0.048 | 0.003 | 0.078 | 0.000 | 0.048 | 0.004 | 0.103 | 0.019
Sep. 2017 —Nov. 2020 |0.034 | 0.000 | 0.008 | 0.003 | 0.002 | 0.009 | 0.016 | 0.004 | 0.008 | 0.003 | 0.055 | 0.001 | 0.063 | 0.000 | 0.043 | 0.001 | 0.119 | 0.005

Average 0.043|0.005|0.010|0.013|0.007 | 0.026 | 0.021| 0.014 | 0.011 | 0.010 | 0.055 | 0.004 | 0.082 | 0.001 | 0.052 | 0.004 | 0.103 | 0.024
Minimum 0.009 | 0.000 | 0.000 | 0.000 | 0.000 | 0.002 | 0.004 | 0.001 | 0.000 | 0.000 | 0.018 | 0.004 | 0.013 | 0.001 | 0.024 | 0.004 | 0.054 | 0.024
Maximum 0.130|0.030 | 0.028 | 0.028 | 0.010 | 0.064 | 0.049 | 0.050 | 0.044 | 0.040 | 0.178 | 0.011|0.2110.009 | 0.148 | 0.015| 0.188 | 0.058

Table 4 Areal erosion and accumulation from DEM differences on blocks

Avreal erasion (—) and accumulation (+) on blocks, m?

DEM difference

: Al A2 A3 B1 B2 B3 C3

between flights by year

) (-+) ) (-+) ) (+) ) (+) ) (+) ) (+) ) (-+)
First Year

9.992 | 47.312| 0.027 | 53.778 | 2.006 | 18.266 | 37.510 | 21.013 | 67.733 | 1.507 | 31.813 | 23.642 | 343.57 | 84.02
Sep. 2017 — Nov. 2018
Second Year

19.860 | 30.628 | 8.257 | 24.696 | 1.811 | 27.123 | 15.334 | 28.106 | 28.930 | 12.577 | 104.34 | 0.671 | 311.50 | 101.24
Sep. 2017 —Nov. 2019
Third Year

34.079| 0.754 | 9.765 | 4.039 | 2.012 | 10.062 | 17.066 | 7.733 | 57.324 | 1.743 | 131.17| 0.695 | 375.58 | 23.82
Sep. 2017 — Nov. 2020
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Fig. 8 Volumetric erosion and accumulation graph per square meter on blocks for the first-, second-, and third-year blocks

Fig. 9 Water and sediment from outside the study area of parcel A1

presented in Table 4. In addition, Fig. 10 presents the
first-, second-, and third-year areal deterioration maps
in the blocks.

When Table 4 is examined, it can be seen that the
dynamic movement of erosion and deposition in all
blocks was found to continue in the time series. It was
determined that this mobility was greater in the con-
trol block (C) than in the blocks with 25 m (A1, A2, and
A3) and 50 m (B1, B2, and B3) open-top culverts.

In the study, in addition to the volumetric erosion
and accumulation volume per square meter in the
blocks, the areal erosion and accumulation sizes per
square meter in the blocks were also determined. Table
5 presents areal erosion and areal accumulation per
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Fig. 10 Map of first-, second-, and third-year areal (m?) deteriorations

square meter in the blocks by including the sum of A
blocks (AS) and the sum of B blocks (BS). In addition,
the data graphs for the first-, second-, and third-year
are given in Fig. 11. When Table 5 and graphs are ex-
amined, it can be seen that, in terms of areal, the ero-
sion was 3.3 times higher in the control block (C) com-
pared to the AS average and 1.4 times compared to the
BS average. These results revealed the effectiveness of
open-top culverts. In addition, it can be seen that there
was a 1.11-fold accumulation in the control block (C)
compared to the AS average and a 2.92 accumulation
compared to the BS average. On the road surface,
minimum erosion was calculated at A2 and A3
(0.000 m?), maximum erosion at B2 (0.983 m?), mini-
mum accumulation at A1, B1, and B3 (0.000 m?), max-
imum accumulation at A3 (0.739 m?). Deteriorations
were clearly seen in the images (before and after)
taken from the control block in the study area (Fig. 12).

However, although the erosion or accumulation are in
the blocks, accumulations such as sediment, leaves,
etc. have occurred, especially in the open-top culverts,
and for this reason, on the days of the flights, the open-
top culverts were checked and those with accumula-
tions were cleaned. In addition, the ferrous iron bands,
which had loosened due to heavy vehicles, were fixed
again. It shoukld also be noted that erosion from trans-
port moves away from the road surface towards the
edge ditches.

3.2 Findings of Statistical Analysis

According to the results of the analysis of variance
(Table 6), carried out to find out whether there is a dif-
ference between the blocks in terms of the volumetric
deterioration per square meter, it was determined that
there was a statistically significant difference between
the volumetric erosion in the blocks (p<0.05). The greatest
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Table 5 Areal erosion and accumulation from DEM differences per square meter on blocks

Y. Tiirk et al.

Areal erosion (-) and accumulation (+) per square meter on blocks, m?

DEM difference

between flights Al

A2

A3

AS

B1

B2

B3

BS

(+)

(+)

B )

B )

=)

=)

(=) | (+)

(+)

(+)

Sep. 2017 —Nov. 2017 | 0.494 | 0.000

0.039

0.136

0.0040.208

0.1960.108

0.367 | 0.004

0.59010.010

0.335 0.004

0.40510.005

0.673

0.193

Sep. 2017 — Apr. 2018 | 0.631 | 0.047

0.175

0.094

0.009|0.514

0.292 | 0.206

0.086 | 0.331

0.54210.032

0.922 | 0.000

0.548 0.120

0512

0.235

Sep. 2017 —Nov. 2018 | 0.103 | 0487

0.000

0.633

0.0250.224

0.046 | 0.453

0.256|0.143

0.660|0.015

0.163 0.121

0.3090.104

0.668

0.163

Sep. 2017 —Mar. 2019 | 0.291|0.019

0.057

0.105

0.002|0.616

0.126 1 0.231

0.005|0.508

0.228

0.535|0.006

0.28910.198

0.617

0.269

Sep. 2017 — Apr. 2019 | 0.207 | 0.012

0.022

0.219

0.00010.739

0.0830.303

0.0490.187

0.404

0.7980.001

0.4590.076

0.644

0.226

Sep. 2017 —May 2019 | 0.224 | 0.010

0.022

0.247

0.000|0.617

0.0890.274

0.0450.222

0.095

0.915]0.000

0.438 10.082

0.657

0.223

Sep. 2017 — June 2019 | 0.227 | 0.006

0.042

0.271

0.000|0.678

0.0970.299

0.078 | 0.086

0.402

0.926 | 0.000

0.5250.040

0.661

0.271

Sep. 2017 —July 2019 |0.368 | 0.004

0.222

0.026

0.033|0.176

0.2170.064

0.012|0.229

0.679

0.8140.000

0.5180.077

0.602

0.193

Sep. 2017 — Aug. 2019 | 0.502 | 0.002

0.289

0.036

0.080 | 0.087

0.303 0.039

0.02110.179

0.448

0.952 10.000

0.528 10.074

0.642

0.167

Sep. 2017 — Sep. 2019 | 0.175|0.032

0.134

0.057

0.0140.166

0.112]0.081

0.07710.102

0.491

0.698 | 0.004

0.44510.054

0.614

0.252

Sep. 2017 —Nov. 2019 | 0.204 | 0.315

0.097

0.291

0.022 10.333

0.11410.313

0.10510.192

0.282

0.53510.003

0.335]0.093

0.606

0.197

Sep. 2017 — Apr. 2020 0.300 | 0.029

0.146

0.080

0.126 1 0.142

0.1970.080

0.0910.198

0.403

0.680 | 0.022

0.42110.108

0.663

0.206

Sep. 2017 —May 2020 | 0.321 | 0.000

0.268

0.007

0.02710.128

0.213]0.042

0.15710.018

0.615

0.74110.002

0.51910.010

0.656

0.188

Sep. 2017 — June 2020 |0.517 | 0.001

0.139

0.034

0.016|0.299

0.24110.104

0.120 10.115

0.465

0.9790.001

0.576 | 0.051

0.488

0.319

Sep. 2017 —July 2020 |0.810 0.010

0.053

0.194

0.022|0.189

0.322 10.125

0.339 | 0.005

0.562

0.518|0.005

0.469 | 0.007

0.841

0.012

Sep. 2017 —Aug 2020 | 0.635 | 0.001

0.366

0.013

0.091{0.031

0.381|0.014

0.508 | 0.000

0.983

0.996 | 0.001

0.832{0.001

0.914

0.007

Sep. 2017 — Sep. 2020 | 0.783 | 0.000

0.340

0.019

0.022|0.162

0.405 | 0.056

0.2190.015

0.562

0.813 | 0.001

0.559 | 0.011

0.696

0.142

Sep. 2017 —Oct. 2020 | 0.438 | 0.046

0.031

0.212

0.000|0.727

0.17210.310

0.105

0512

0.778 {0.001

0.494 | 0.054

0.666

0.189

Sep. 2017 —Nov. 2020 |0.351|0.008

0.115

0.048

0.025|0.124

0.174 10.056

0.116

0.559

0.673 |0.004

0.463 | 0.023

0.730

0.046

Average 0.399 | 0.054

0.135

0.143

0.027|0.324

0.1990.166

0.145

0.499

0.725|0.009

0.4810.063

0.661

0.184

Minimum 0.1030.000

0.000

0.007

0.000 0.031

0.046 0.014

0.005

0.095

0.1630.000

0.289 | 0.001

0.488

0.007

Maximum 0.810|0.487

0.366

0.633

0.1260.739

0.4050.453

0.508

0.983

0.996 | 0.121

0.832|0.198

0914

0.319

Table 6 Results of analysis of variance regarding deteriorations in

blocks

Parameters Blocks Nsl;?]tﬁ;sf Mean St:?r(;?rd p*

| oas 19 | 01402 | 0003
\r;(l“::fmcems'on BS 19 | 0223 | 0006 | 0.000

c 19 | 0318c | 0007

_ AS 19 | 0199 | 0024
i\nrzealems'on BS 19 | 0481b | 0027 | 0.000

c 19 | 0661c | 0022

, AV 19 | 033a | 0046
iqd'ﬁerence B 19 | 0.180b | 0.018 | 0.000

c 19 | 0058 | 0016

AV = Z difference average of A block
BV = Z difference average of B block
*p <005

volumetric erosion was found in the control block (C)
(0.318 m’m™), the lowest in the sum of blocks A
(0.140 m’ m”) and between both blocks in the sum of
blocks B (0.223 m® m?). The situation was similar for
the size of the erosion. It was determined that there
was a statistically significant difference between the
areal size of erosion in the blocks (p<0.05). The maxi-
mum areal size of erosion was found In the control
block (C) (0.661 m?), the lowest in the sum of blocks A
(0.199 m?), and in the sum of blocks B between both
blocks (0.481 m?). However, there was no statistically
significant difference in other volumetric and areal ac-
cumulation data (p>0.05). In addition, according to the
results of the normalized Z differences in the blocks, it
was determined that there was a statistically significant
difference between the Z differences in the blocks
(p<0.05). Each block was placed in different groups.
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Fig. 12 Deterioration images on the control block taken in the field
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4. Discussion

In the study, the effectiveness of wooden open-top
culverts in protecting against deterioration of the for-
est road surface was examined by using UAVs. Al-
though there is a limited use of the UAV system in
road-related studies, so far, there has been no study
on the effectiveness of the more specific open-top cul-
verts in the literature. The open-top culverts used in
the study are used to remove the damaging waters
from the road surface in the fastest way by flowing
along the road axis on forest roads (Bayoglu 1997,
Erdas 1997, Anonymous 2018).

Remote sensing techniques are used for various
monitoring purposes, both in planning and projecting
and after road construction on forest roads. One of the
important issues studied on forest roads is monitoring
road surface deterioration. There are no studies in the
literature on the monitoring of deterioration of the
road surface for protection (hydraulic architectural,
etc.). The studies are concerned with monitoring the
natural state of the unprotected road (such as the con-
trol block in our study).

In other studies, as well as in our study, it was
stated that volumetric and areal deteriorations of the
road surface differed temporally (Akgul et al. 2017,
Akay et al. 2018, Tiirk et al. 2022b). In their study,
Akgul etal. (2017) and Akay et al. (2018) examined the
deterioration in the road surface with a terrestrial laser
scanner for a year (in three-month periods). Tiirk et al.
(2022b) investigated forest road surface degradation
with a UAV for about 14 months. In another study,
Eker (2023) used PPK-integrated close-range terres-
trial photogrammetry (CRTP) with handheld mobile
laser scanning (HMLS) called TORCH that uses the
SLAM algorithm to measure and compare forest road
surface deterioration. When we compared these four
studies with ours, similar results were found. It is un-
derstood from the studies that the dynamic mobility
of erosion and accumulation continues periodically.

Akay et al. (2018) found the average monthly areal
erosion for the 100-meter-long forest road (longitudi-
nal gradient: 6%, material of the running surface:
sediment) to be 49.6 m*> and the accumulation to be
58.6 m”. In addition, the average monthly volumetric
erosion was —0.75 m®, and the accumulation was
0.51 m®. However, according to the data from Septem-
ber 2017 — November 2020 (37 months) in our study,
for 100 m, the average monthly areal and volumetric
deterioration values in the control block (areal erosion
3.34 m? accumulation 0.93 m? volumetric erosion
-0.51 m® volumetric accumulation 0.11 m’) were
smaller. This difference may be due to the fact that
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dynamic mobility continues throughout the study and
the photogrammetric methods used (terrestrial laser
scanners and UAVs).

According to Ciobanu et al. (2012), as a result of the
remote transportation work carried out by trucks on
2 km of secondary forest roads (longitudinal gradient:
9%, material of the running surface: sediment) in the
10-day study carried out by the traditional method, the
road surface deterioration was calculated as follows: a
total areal erosion of —23.02 m* (-2.302 m*/day) and volu-
metric erosion of -8.96 m® (-0.896 m’/day). In our study,
the average daily areal erosion (2.22 m’/day) is similar
in the control block for 2 km, while there is a significant
difference in volumetric erosion (-0.34 m*/day). In an-
other study, Saceanu (2013) made a road comparison
using the traditional method after remote transporta-
tion work with trucks was carried out on 2.5 km of forest
roads (material of the running surface: sediment) over
an 8-month period. As a result, areal erosion of a total
of 224.2 m’ (average 28.02 m*/month —0.94 m*/day) was
detected on the road surface. In our study, 2.78 m*/day
areal erosion was found for the 2.5 km control block
(as a result of the rate of the block length). It is thought
that the reason for these differences may be the differ-
ence in the frequency of use of the roads, the tonnage
of loaded vehicles, transport season, technical features
of the road, methods, etc.

Apart from the effectiveness of open-top culverts,
the other aim of our study is to map the deterioration
of the road surface using UAVs. Similar to our study,
Akgul etal. (2017) and Akay et al. (2018) mapped road
surface deterioration based on terrestrial laser scan-
ners, while Tiirk et al. (2022b) and Dobson et al. (2013)
mapped road surface deterioration based on UAV re-
sults.

Other studies are related to the use of UAV systems
in surface change (earthwork, excavation, filling cal-
culations, etc.). In these studies, it is emphasized that
the UAV data results are highly overlapping with the
ground measurement results, and that UAV systems
can be used in such studies (Hrtiza et al. 2016, Yurtseven
et al. 2019, Ciritcioglu and Bugday 2022, Kinali1 and
Caliskan 2022, Hasegawa et al. 2023). In our study, the
accuracy of the UAV data results was found to be high
by utilizing buckets with known volume and height.

5. Conclusions

In this study, to evaluate the effectiveness of open-
top culverts on road surface deterioration within the
study scope, the average Z-value differences of pixels in
the blocks and DEM differences determined by vector
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data were used. The findings indicated that open-top
culverts were effective in mitigating deterioration. For
about three years (September 2017 — November 2020),
it was found that the dynamic movement of erosion
and accumulation in all blocks continued in the time
series. This mobility was determined more in the con-
trol block than in the blocks where there were open-
top culverts installed at intervals of 25 m and 50 m.
These results revealed the effectiveness of open-top
culverts, and it was determined that the open-top cul-
verts with a 25 m interval were more effective than
those with a 50 m interval. In practice, 25 m interval
open-top culverts should be used.

In general, the eroded material in the study area is
carried to the edge of ditches. Furthermore, although
erosion or accumulation occurred within the blocks,
sediment, leaves, etc. were accumulated, especially
inside the open-top culverts. For this reason, open-top
culverts should be periodically checked and main-
tained. Although the conditions change depending on
rain precipitation, the open-top culverts should be
cleaned every 2 months. In addition, the flat ferrous
bands that have been loosened by heavy tonnage ve-
hicles should be fixed again.

It has been observed in the Z values graph that the
deterioration in the mean Z values of the blocks is pro-
gressing with relatively lower changes, especially
when compared with the control block. A1, A2, and
A3 parcels showed similar changes in the range of
+#20 cm when compared to Bl, B2, and B3 parcels,
while the mean Z changes were higher in the control
block. This study reveals the need to evaluate the
effects of open-top culverts by using them in an envi-
ronment where external factors can be kept under
control, i.e. under laboratory conditions. In addition,
it is thought that this study should be carried out in
laboratory conditions in order to determine effectively
the deployment intervals of open-top culverts on
different slopes and intervals.

According to the results of the analysis of variance
carried out to find out whether there is a difference in
the volumetric deterioration per square meter between
the blocks, it was determined that there was a statisti-
cally significant difference between the volumetric
erosion in the blocks (p<0.05). The volumetric erosion
was found to be the highest (0.318 m® m™) in the control
block, the lowest (0.140 m®> m™?) in the AS blocks and
between the two blocks in the BS blocks (0.223 m® m™).
A similar situation was found in the areal erosion.
These statistical results prove the use of 25 m interval
open-top culverts in practice.

In the study, in addition to the volumetric deterio-
rations related to the blocks, areal deteriorations were

Examining Open-Top Culverts Impact on Forest Road Surface Deteriorations via UAVs (119-139)

also detected. It has been concluded that UAV systems
can be used to map road surface deterioration. In ad-
dition, it was concluded that it would be better for
these methods to receive data every 3 months rather
than monthly. In determining the volumetric deterio-
ration obtained with traditional methods, the experi-
ence of the personnel performing measurement of the
land gains importance. The values obtained are time-
consuming and there may be variability in the mea-
surement results. In this study, the deterioration of the
road surface has been detected with a UAV, which is
one of the automatic methods, so the errors of the tra-
ditional measurement methods have been prevented.

In this study, high-resolution orthophoto maps
were produced with a UAV and the results were de-
termined in a way that can reduce the cost of road
maintenance and repair work by applying this costly
work only to the deteriorated local areas instead of the
entire road. To conclude, the UAV system can be ef-
fectively used in the monitoring and evaluation of the
road surface.
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